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Abstract 
 
Secondary salinisation is a anthropogenic process that is increasingly disrupting the health 
of freshwater ecosystems in Australia. In a continent where supplying future water 
resources for a growing population is challenging, secondary salinisation not only makes 
freshwater ecosystems unsuitable for human use, but may also have substantial negative 
impacts on aquatic biota. A large body of research in Australia and overseas has found that 
increasing salinisation is associated with a loss of biodiversity in freshwater ecosystems. 
However, most of these studies are based on salinity tolerance tests conducted in the 
laboratory, which determine physiological effects of salinity without considering the 
synergistic impacts of other existing stressors in the system.  
 
The south of Western Australia is a biodiversity hot spot, but has been severely impacted on 
by secondary salinisation. Only 44% of flow in the 30 largest rivers in the Southwest Coast 
Drainage Division is fresh and more than half of the rivers in the region can be classified as 
brackish or saline. Among these rivers, the Blackwood River is the second largest in the 
region, has the highest discharge and contains all eight native riverine fish species which are 
endemic to the south-west. More than 85% of the river catchment has been cleared and 
salinity has an annual upward trend throughout the upper catchment and in the main channel 
of the lower catchment, while lower catchment tributaries remain fresh. In this study, I have 
used a combination of field and laboratory studies to investigate the impacts of increasing 
salinity on the biological performance of native and exotic freshwater fishes in different 
parts of the Blackwood River.  
   iv
Eleven species of fish were captured in the Blackwood River during the study; Galaxias 
occidentalis, Gambusia holbrooki, Leptatherina wallacei, Pseudogobius olorum, Edelia 
vittata, Tandanus bostocki, Nannatherina balstoni, Bostockia porosa,  Afurcagobius 
suppositus,  Galaxiella munda and  Oncorhynchus mykiss. The greatest diversity of fish 
species (G. occidentalis, G. holbrooki, L. wallacei, P. olorum, E. vittata, T. bostocki, N. 
balstoni, B. porosa and  A. suppositus) was found in the main channel of the lower 
catchment, where salinity typically varies between 2 and 5 ppt. Eight species (B. porosa, E. 
vittata, G. occidentalis, N. balstoni, T. bostocki, A. suppositus, G. munda and O. mykiss) 
were found in freshwater tributaries of the lower catchment, where salinity is always less 
than 0.5 ppt. In the upper catchment, where salinity varied from 7 ppt to over 31 ppt, only 
four species of fish were captured; the native riverine species G. occidentalis, the introduced 
G. holbrooki and  the euryhaline species L. wallacei and P. olorum.  
 
For the four species of fish that were distributed throughout the Blackwood River (G. 
occidentalis, G. holbrooki, L. wallacei and P. olorum), I investigated the size, morphology, 
life-cycle, diet and rate of parasitism between populations in the upper and lower catchment.  
All four fish species have relatively short life spans and this was more evident in the case of 
G. holbrooki and P. olorum in which 100% (n = 558) and 98% (n = 163), respectively, were 
classified as 0+. Forty-five percent of L. wallacei (n=788) and 41% of G. occidentalis 
(n=942) were classified as 0+. Significant numbers of G. occidentalis (46%) and L. wallacei 
(43%) were found in their second year of life, while this number was only 2% for P. 
olorum. No L. wallacei (n = 776) older than three years were captured in this study, while 
1% (n = 937) of G. occidentalis were recorded as four years old. 
   v
Spawning of L. wallacei in the upper catchment peaked by mid spring, while fish in the 
lower catchment delayed spawning until early summer. There were no significant 
differences between spawning time of G. occidentalis and P. olorum populations in the 
upper and lower catchments of the Blackwood River, although biannual spawning of P. 
olorum was only recorded in upper catchment sites. The breeding season of G. holbrooki in 
both the upper and lower catchments of the Blackwood River lasted for a period of at least 
six months (from October to beyond March).  
 
Dietary analyses of all four fish species from the upper and lower catchments of the 
Blackwood River revealed their opportunistic feeding behaviour. Overall, the highest 
diversity of invertebrate fauna was recorded in the diet of L. wallacei, while the lowest 
diversity was recorded in P. olorum. Crustaceans including Amphipoda, Copepoda, 
Cladocera and Ostracoda, made up a greater proportion of the diet of all four fish species in 
the salt affected upper catchment than in the lower catchment. There were significant 
differences between the dietary compositions of all fish species in both upper and lower 
catchments. The eggs or larvae of native fishes were not commonly found in the diet of G. 
holbrooki, although dietary analysis showed that this species is clearly in competition with 
native fish fauna.  
 
Over all, five species of macroparasites, including nematodes, trematodes and cestodes, 
were found in association with the four fish species studied. The highest prevalence of 
parasite infections were recorded in the native species G. occidentalis (5.9%), P. olorum 
(5.7%) and L. wallacei (2.8%) with the lowest prevalence in the introduced G. holbrooki 
(0.2%), despite G. holbrooki making up approximately 77% of the fish population in the   vi
river. This reduced parasite diversity in introduced species, compared with native hosts, has 
also been reported in a wide range of other taxa, and may contribute to the competitive 
advantage of introduced pest species. There was a correlation between the distribution of 
one species of parasite, Diplostomum sp., and position of its fish intermediate host in the 
catchment. This trematode, which has a complex life-cycle involving a number of different 
hosts, was mainly restricted to the freshwater tributaries, occurred rarely in the main 
channel of the lower catchment where the salinity was relatively low and was never found 
in the salinised upper catchment.  
 
Despite the circumstantial evidence from field studies that the current pattern of fish 
distributions in the Blackwood River has been influenced by secondary salinisation, salinity 
tolerances of native freshwater fishes have not previously been measured under controlled 
laboratory conditions. The acute salinity tolerance of populations of G. occidentalis from 
the upper and lower catchments of the Blackwood River was studied experimentally, and 
compared with the tolerance of two other native fish species; E. vittata which is found in the 
main channel of the lower catchment, but not in the upper catchment; and N. balstoni which 
is restricted to a single small, freshwater tributary of the lower catchment. Nannatherina 
balstoni was found to have the lowest salinity tolerance with EC50 = 8.2 ppt and EC95 = 9.3 
ppt. This confirms that the upper catchment of the Blackwood River, where the salinity was 
significantly higher than this range throughout most of the year, is unsuitable for this 
species and this may explain its absence from most of the catchment. The salinity tolerance 
of both E. vittata (EC50 = 14.5 and EC95=15.6) and G. occidentalis (EC50 = 14.6 ppt and 
EC95 = 15.8 ppt) was considerably higher than that of N. balstoni (LC50 = 8.2 ppt and LC95 = 
9.2 ppt). It is possible that the eggs, larvae or juvenile stages of E. vittata are more sensitive   vii
to salinity than adults and this prevents this species from establishing its life-cycle in the 
upper catchment of the Blackwood River. Additionally, the greater dispersal capabilities of 
G. occidentalis may enable it to maintain its life-cycle in the upper catchment by moving 
into refuge areas as salinity increases.   
 
This study has provided valuable insight into the impact of secondary salinisation on the 
biological performance of freshwater fishes in south-western Australia. These impacts are 
likely to be further exacerbated by continued increases in salinisation and reduced rainfall 
due to climate change.    viii
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CHAPTER 1 
 
Effects of secondary salinisation on the freshwater fish fauna of the south-west 
of Western Australia 
 
 
 
1.1 Freshwater ecosystems in the south-west of Western Australia  
 
Although almost two thirds of the earth’s surface is covered by water, less than 1% of this is 
freshwater (Johnson & Chase 2004). Nevertheless, freshwater resources are crucial to the 
maintenance of life, because all terrestrial organisms depend on freshwater for survival (Postel 
2003). Freshwater resources also support marine life by bringing nutrients and minerals into 
oceans and moderating the salinity of sea water (Bailey et al. 2004a). In addition, freshwater 2 
 
provides a unique habitat for thousands of species of aquatic animals and plants. More than 12% 
of all animal species and 40% of all recognised fish species on earth inhabit rivers, lakes, 
wetlands and other freshwater ecosystems (Johnson et al. 2001). 
 
The freshwater habitats of Australia can be divided into 11 major drainage divisions, of which 
four can be found in Western Australia (Allen et al. 2002). The Southwest Coast Drainage 
Division includes all inland waters between the Arrowsmith River in the north and the Thomas 
River in the south-east (Figure 1.1). The south-west region of Western Australia has cool, wet 
winters and hot, dry summers (Shirley 1994) and average annual rainfall ranges from 300 mm on 
the edge of the Wheatbelt to 1,400 mm in the wettest areas near Northcliffe (Bureau of 
Meteorology 2009). In terms of running water, 38 rivers, 50 major creeks and more than 180 
streams flow through the south-west and drain into the Indian and Southern Oceans (Pen 1999; 
Figure 1.1). The major rivers of the region are the Moore, Swan-Avon, Serpentine, Murray, 
Collie, Capel, Blackwood, Donnelly, Warren, Shannon, Frankland, Kent, Kalgan and Pallinup. 
Among these rivers, the Swan-Avon River has the largest catchment and the Blackwood River is 
the longest and has the largest capacity (Pen 1999). Most permanent rivers in the south-west of 
Western Australia are well shaded by dense vegetation. As a consequence, upland streams 
naturally support very little algal growth and are nutrient-poor. The main sources of energy, 
carbon and nutrients are allochthonous, and provided by fallen leaves and woody debris from 
fringing vegetation (Bunn 1988; Bunn & Davies 1990; Pen 1999). Bunn (1988) found that most 
processing of debris occurred in winter due to the combined effects of physical abrasion from 
water flow and the activity of macroinvertebrate shredders, enabling further decomposition by 
microbial flora. 3 
 
 
 
 
        Figure 1.1 The major river systems of the Southwest Coast Drainage Division. 
 
The history of increasing aridity, a long period of isolation and low primary productivity of 
south-west streams and rivers is reflected in the aquatic fauna of this region, which has a 
relatively low diversity. South-west streams contain only 63% of the number of invertebrate 
families and 49% of the number of invertebrate species found in south-east streams (Bunn & 
Davies 1990), while in terms of freshwater teleosts, 10 native species from five families are 
found in south-west streams, compared to 50 native species from 17 families in streams in the 
south-east of Australia (McDowall 1996; Morgan et al. 1998; Allen et al. 2002).  
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1.2 Freshwater fishes in the south-west of Western Australia 
 
The freshwater fish fauna of south-western Australia can be divided into three major groups: 
native riverine species; native species with marine affinities (estuarine spill-overs and marine 
visitors); and introduced or exotic species. 
 
1.2.1 Native riverine species 
There are only 10 native species of strictly freshwater fish in the south-west of Western 
Australia, which is less than the number found in all geographic drainage divisions of the 
continent other than the South Australian Gulf (with only nine native species). By comparison, 
the Tasmanian, Murray-Darling and Lake Eyre and adjacent internal divisions have 28, 32 and 
18 species of native freshwater fish, respectively (Morgan et al. 1998). Despite the paucity of 
species in the south-west, 80% of them are endemic, which is the greatest proportion of 
endemism of any geographic drainage division in Australia (Morgan et al. 1998). These eight 
endemic species are Tandanus bostocki Whitley, 1944 (freshwater cobbler), Lepidogalaxias 
salamandroides Mees, 1961 (salamanderfish), Galaxias occidentalis Ogilby, 1900 (western 
minnow),  Galaxiella nigrostriata Shipway, 1953 (black-stripe minnow), Galaxiella munda 
McDowall, 1978 (western mud minnow), Bostockia porosa Castelnau, 1873 (nightfish), Edelia 
vittata Castelnau, 1873 (western pygmy perch) and Nannatherina balstoni Regan, 1906 
(Balston’s pygmy perch). Among these endemic species G. occidentalis, B. porosa and E. vittata 
are common and widespread, but the other species have much more restricted distributions and 
generally occur in very specific habitat types (Morgan et al. 1998; Allen et al. 2002). The two 
other native freshwater fishes found in the south-west are Galaxias truttaceus Valenciennes, 5 
 
1846 (trout minnow) and Galaxias maculatus Jenynes, 1842 (common jollytail), both of which 
also occur in mainland south-eastern Australia and Tasmania (Morgan et al. 1998). 
 
1.2.2 Native species with marine affinities 
A number of native fish species with marine affinities are also found in freshwater ecosystems in 
the south-west of Western Australia. Those most commonly encountered are the estuarine 
species  Leptatherina wallacei Prince, Ivantsoff and Potter, 1981 (Swan River or western 
hardyhead),  Pseudogobius olorum Sauvage, 1880 (Swan River goby) and Afurcagobius 
suppositus Sauvage, 1880 (big headed goby) (Morgan et al. 1998). Other marine species that are 
found less frequently include Mugil cephalus Linnaeus, 1758 (sea mullet) and Acanthopagrus 
butcheri Munro, 1949 (black bream). Within Western Australia, secondary salinisation has led to 
a number of estuarine species such as L. wallacei, P. olorum and A. suppositus now being found 
well inland and outside of their historic range (Morgan et al. 1998, 2003). 
 
1.2.3 Introduced freshwater species 
The freshwater ecosystems of the south-west of Western Australia contain a large number of 
exotic fish species, which have been deliberately introduced. The most widespread of these is 
Gambusia holbrooki Girard, 1859 (mosquitofish) which was introduced in 1934 in an attempt to 
control mosquitoes (Coy 1979). A number of other species, including Perca fluviatilis Linnaeus, 
1758 (redfin perch), Oncorhynchus mykiss Walbaum, 1792 (rainbow trout) and Salmo trutta 
Linnaeus, 1758 (brown trout) were introduced for recreational fishing purposes. Finally, there 
are a number of species of ornamental fish that have escaped into natural waterways, of which 
the most prevalent are Cyprinus carpio Linnaeus, 1758 (common carp), Carassius auratus 6 
 
Linnaeus, 1758 (goldfish) and Phalloceros caudimaculatus Hensel, 1868 (one-spot livebearer) 
(Morgan et al. 2004). 
 
1.3 Health of freshwater ecosystems 
 
The ecological health of Australia's rivers is an increasingly important environmental issue 
(National Land and Water Resources Audit 2002). With respect to freshwater ecosystems, the 
term ecological health (or ecosystem health) usually refers to the structure or function of an 
ecosystem in the light of some desired values for traits such as biological diversity, stability, and 
human uses (Meyer 1997; Boulton 1999; Karr 1999). Anthropogenic impacts upon an ecosystem 
may cause ecosystem structure or function to deviate from these desired values. While most 
researchers agree that the term “ecosystem health” has heuristic value in terms of providing a 
convenient metaphor for resource managers to convey environmental concerns to the public, its 
scientific value has been questioned because the health of an ecosystem is very difficult to 
measure and express in quantitative terms (Suter 1993; Steedman 1994; Marcogliese 2005). 
 
There are two major problems with the term ecosystem health. First, it can mean different things 
to different people: ecosystem health can refer to the structure of the ecosystem, as measured by 
biodiversity or species composition; to the functioning of an ecosystem, as measured by 
productivity or nutrient fluxes; or to those components of ecosystem function that have value to 
human society (ecosystem services). Second, even if we decide which components of ecosystem 
structure or function provide useful measures of ecosystem health, what is the appropriate 
endpoint or reference system against which such measures should be compared? Increasing 7 
 
global concern over the state of freshwater ecosystems (Ambasht & Ambasht 2003) has led to an 
enormous amount of research and debate on appropriate indicators to measure the health of 
freshwater ecosystems (Boulton 1999; Fairweather 1999; Karr 1999). 
 
The freshwater environment in Australia is extremely sensitive to anthropogenic impacts (Pen 
1999) and since European settlement, there have been many negative environmental impacts 
affecting Australia's rivers and streams (Table 1.1). These changes are particularly evident in the 
Southwest Coast Drainage Division, where only one of 19 river basins is not substantially 
degraded (Olsen and Skitmore 1991; Pen 1999). Possibly the major environmental problem 
facing rivers and riparian ecosystems in the south-west is the increasing salinity levels in many 
of the region’s catchments (Morrissey 1974; Kendrick 1976; Bunn & Davies 1992; Pen 1999; 
Beresford et al. 2001; Morgan et al. 2003). 
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Table 1.1 Types and causes of environmental impacts in Australian rivers.   
Environmental impact  Likely causes 
Secondary salinisation  Land clearing in river catchments and runoff from saline drainage 
lines  
 
Eutrophication and 
deoxygenation 
Nutrient and organic materials principally from fertilizers used in 
agriculture and encroaching urban development; this leads to 
algal blooms which in turn lead to deoxygenation when the algae 
die and decay 
 
Erosion and 
sedimentation  
Land clearing and mining operations, leading to bank erosion and 
increasing sediment load 
 
Introduced fishes  Accidental or deliberate release of ornamental or cultured fishes; 
deliberate release of fishes for fishery enhancement or mosquito 
control 
 
Weed invasion  Accidentally or deliberately introduced by people 
 
Toxins   Herbicides, pesticides, antibiotics or other chemicals used in river 
catchments for different purposes such as pest and weed control 
or animal treatment  
 
Change in water flow  Dams for drinking water supply and irrigation; river straightening 
and dredging 
 
1.3.1 Secondary salinisation 
The term salinity usually refers to the total concentration of dissolved inorganic ions in water and 
is often measured by electrical conductivity (Ziemann & Schulz 2011). Natural or primary 
salinity is an important feature of the geologically ancient and weathered Australian landscape 
(Nielsen et al. 2003a). Over millions of years, wind and rain have brought salt from the ocean 
and deposited it on the land. Much of the deposited salt is stored in mineral form in the soil 
profile, while some is washed away by rainfall to streams and other wetlands, eventually 
returning to the ocean. Freshwater ecosystems in the south-west of Western Australia therefore 
experience significant natural changes in salinity every year, with typically high water flow and 9 
 
low salinity during winter and spring, and low water flow and higher salinity in summer and 
autumn (Pen 1999). The freshwater biota of the south-west is adapted to this naturally occurring, 
variable salinity regime. 
 
Secondary salinity, by contrast, is an anthropogenic phenomenon. Secondary salinisation is 
caused by rising underground water tables as a result of irrigation (irrigation salinity) or the 
replacement of deep-rooted native vegetation with shallow-rooted crops and pastures that use 
less water (dryland salinity). Rising water tables facilitate the mobilisation of salts which have 
accumulated in the soil over thousands of years, moving them into the root zone of plants and 
eventually to the surface of the land (Beresford et al. 2001; James et al. 2003; McKenzie et al. 
2003). 
 
The secondary salinisation of streams and rivers occurs as a result of the direct seepage of saline 
groundwater into the river system, by salt deposited on the land’s surface being washed into 
drainage lines by surface flows, and by the accidental or deliberate discharge of saline 
groundwater from drainage and pumping schemes used to repair salinised land (Lymbery et al. 
2003). It has been estimated that 11,300 km (roughly 5%) of Australia’s rivers are currently 
salinised (i.e. have a mean annual salinity of > 5 ppt) (ANZECC 2001; Lake & Bond 2007). It is 
expected that the salinity of freshwater ecosystems in many parts of Australia will continue to 
increase, mainly as a result of past land-use practices, with salinisation of up to 41,300 km of 
rivers and the mean salinity in Australian freshwater ecosystems increasing from the current 
level of less than 0.5 ppt to as much as 10 ppt by 2050 (NLWRA 2001; James et al. 2003; 
Nielson et al. 2003a; Lake & Bond 2007). The south-west corner of Western Australia, where 10 
 
approximately 80-90% of the land has been cleared (Halse et al. 2004), is a hot spot in terms of 
secondary salinisation. More than 70% of Australia’s salinisation occurs in this region (NLWRA 
2001; Halse et al. 2003). As a result, most of the freshwater ecosystems in the south-west are 
already affected by increasing salinity. Water bodies are usually classified as ‘fresh’ when the 
salinity is less than 0.5 ppt, ‘marginal’ when salinity is between 0.5 and 1.5 ppt, brackish when 
salinity is between 1.5 and 5.0 ppt and saline when salinity is greater than 5.0 ppt (George et al. 
1996). According to Mayer et al. (2005) only 44% of flow in the 30 largest rivers in the 
Southwest Coast Drainage Division remains fresh and more than half of the rivers in the region 
can be classed as brackish or saline. The extent and rate of secondary salinisation of freshwater 
ecosystems in the south-west of Western Australia is expected to be further increased through 
annual declines in rainfall as a result of climate change (Hughes 2003; Mayer et al. 2005; Lake 
& Bond 2007).  
 
Although the extensive secondary salinisation of rivers in the south-west of Western Australia is 
expected to have a significant impact on the health of Australia’s freshwater ecosystems, it is not 
possible to predict with any precision how freshwater biota will be changed. The effect of 
salinisation on freshwater organisms is typically determined in one of two ways, by salinity 
tolerance experiments in the laboratory or by observed distributions in the field (Ziemann & 
Schulz 2011). Salinity tolerance studies have been conducted on a wide range of taxa, including 
algae, plants, invertebrates, fish and amphibians (Hart et al. 1991; Thompson & Withers 1992; 
Haney & Walsh 2003; Bailey et al. 2004a,b; Chatelier et al. 2005; Jeffery et al. 2005; Hassell et 
al. 2006; Zalizniak et al. 2006; Kefford et al. 2007; James et al. 2009). Although the salinity 
tolerances of individual taxa may vary widely, the overall conclusion from these laboratory 11 
 
studies is that salinities greater than 1 ppt are likely to affect a large number of taxa and have 
serious negative consequences on freshwater biodiversity (Nielson et al. 2003a,b; Marshall & 
Bailey 2004). 
 
While salinity tolerance studies conducted in the laboratory may provide a useful guide, they 
consider only the direct physiological effects of salinity; they cannot account for indirect 
ecological effects or for possible synergistic effects with other environmental stressors. Field 
observations, which may provide a more realistic assessment of the impacts of salinisation on 
aquatic fauna, have produced conflicting results. Williams et al. (1991) and Metzeling (1993), 
for example, found little relationship between salinity and the community composition of aquatic 
macroinvertebrates, while Bunn & Davies (1992), Mitchell & Richard (1992), Halse et al. (2000) 
and Marshall & Bailey (2004) reported a decrease in species richness of macroinvertebrates with 
increasing salinity, and a change in community composition to favor more salt-tolerant taxa. 
Doupé et al. (2006) recorded correlations between stream salinisation and reduced taxonomic 
diversity of riparian vegetation in the south-west of Western Australia. A reduction in the 
number of species of native freshwater fish from west to east along the south coast of Western 
Australia has been attributed to greater salinity in the water systems in the east of the state 
(Morgan et al. 2006). One of the problems with inferring the effects of salinisation on freshwater 
organisms from field observations, which may be responsible for these conflicting results, is that 
salinity is likely to covary with other environmental variables, thereby making it difficult to 
attribute salinity as the cause of distributional changes (Yuan 2007). In addition, saline 
groundwater often varies in ionic composition and this may influence the lethal and sub-lethal 
effects of salinity on aquatic organisms (Zalizniak et al. 2006). 12 
 
1.3.2 Salinisation of the Blackwood River 
The Blackwood River is the second largest river in the Southwest Coast Drainage Division and it 
has the highest discharge of any river in the region (Morgan et al. 2003). The catchment of the 
Blackwood River system, covering an area of over 21,930 km², is considered particularly 
important for its ecological values (Morgan et al. 2003). This catchment itself is one of two in 
the region containing all eight native riverine fish species which are endemic to the south-west of 
Western Australia (Morgan et al. 2003; Beatty et al. 2008). The river drains a region which has 
been identified as a global biodiversity hotspot, where exceptional concentrations of endemic 
species are threatened with extinction due to habitat loss (Myers et al. 2000; Beresford et al. 
2001). McKenzie et al. (2003) recorded the presence of 986 species of wetland-associated plants, 
957 species of waterbirds and 21 species of frogs in the Blackwood River catchment. In addition, 
more aquatic invertebrate species have been recorded from this region than any other area in the 
southern half of Western Australia (Davis et al. 1993). 
 
More than 85% of the Blackwood River catchment has been cleared for agriculture, most notably 
in the upper reaches, leading to a major problem with dryland salinity in the region (Morgan et 
al. 2003). Currently, around 13% of the catchment is adversely affected by secondary 
salinisation and this is expected to rise to up to 40% over the next 50-100 years (Halse et al. 
2003). Increasing dryland salinity in the catchment has led to salinisation of the Blackwood 
River. Water salinity varies from as high as 30 ppt in the upper catchment to approximately 1.5–
4 ppt in the lower reaches of the main channel and less than 0.5 ppt in forested tributaries which 
feed into the lower main channel (Morgan et al. 2003; Mayer et al. 2005; Figure 1.2). Over the 
last 60 years, salinities in the main channel of the lower Blackwood River have been increasing 13 
 
at a mean annual rate of about 0.1 ppt
 (Schofield & Ruprecht 1989; Mayer et al. 2005). The 
seasonal variation in salinity in the main channel of the lower Blackwood River does not follow 
the usual pattern for salinised rivers in Australia of rising salinity over summer and falling 
salinity with winter flows. Instead, salinity falls over summer because an increasing proportion 
of water flow is contributed by discharge from fresh groundwater aquifers (Yarragadee and 
Leederville aquifers) in the lower, forested parts of the catchment and then, as the major rains 
begin in winter, salinity rises sharply due to water flow from the upper, saline parts of the 
catchment (see Figure 2.8 in Chapter 2) (Mayer et al. 2005; Morgan et al. 2006; Beatty et al. 
2008).  
 
There have been some studies on the effects of increasing salinity on the terrestrial flora and 
fauna of the Blackwood River catchment. Hodgson et al. (2004) for example, estimated that 
between 300 and 800 species of native plants face extinction and over 200 species of native 
fauna have significantly declined in numbers as a result of secondary salinisation. There is, 
however, very limited information available about the effects of salinisation on the aquatic biota 
of the Blackwood River. A recent study by Morgan et al. (2003) suggested that salinisation of 
the river had led to a change in the distributions of freshwater fish species, with salt-sensitive 
species such as B. porosa and E. vittata disappearing from the upper catchment and salt-tolerant 
species such as L. wallacei and P. olorum increasing their range from the estuary through the 
main channel of the river.  
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1.4 Indicators of river health 
 
Ecological indicators are measures of ecosystem health or ecosystem integrity. They are usually 
employed to monitor the effects of specified or unspecified environmental impacts on an 
ecosystem, or to monitor the success of ecosystem restoration projects (Bailey et al. 2004b). A 
primary distinction can be made between pressure indicators, which are direct measures of 
environmental impacts, and response or state indicators, which are measures of ecosystem 
structure (including composition and diversity) or ecosystem function. In freshwater ecosystems, 
Figure 1.2 Blackwood River in the south-west of Western Australia, showing 
differences in water salinity between upper and lower catchments. 
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pressure indicators are typically chemical measures of water quality, such as temperature, pH, 
nutrient content or salinity, while response indicators are measures of biological entities (e.g. 
macroinvertebrate abundance or diversity) or processes (e.g. respiration).  
 
A biological indicator or bioindicator has been described as “a species or group of species that 
readily reflects the biotic or abiotic state of an environment, represents the impact of 
environmental change on a habitat, community, or ecosystem, or is indicative of the diversity of 
a subset of taxa, or of the wholesale diversity, within an area” (McGeoch 1998). Bioindicators 
can be classified along two dimensions, according to the processes which they address (structural 
or functional) and according to the level of biological organisation at which they are applied 
(cells, tissues, individuals, populations, communities, etc) (Table 1.2). 
 
Table 1.2 Classification of bioindicators, according to process (structural or functional) and level 
of organisation. Examples of bioindicators are shown in the body of the table. 
 
Level of organisation  Process 
Structural Functional 
Community Species  composition, 
diversity 
 
Primary productivity, nutrient 
flux 
Population Population  size 
 
Birth/death rate 
Individual Survival 
 
Growth/feeding rate 
Tissue Fluctuating  asymmetry 
 
Immune response 
Cell Number/size  Osmoregulatory  function 
 
1.4.1 Fishes as bioindicators 
The taxa to be used as indicators of ecosystem health should, ideally, provide information at 
several levels of biological organisation and about both structural and functional features of the 16 
 
ecosystem. They should also be useful as diagnostic, early-warning indicators of environmental 
impacts and as markers of compliance with environmental regulations or progress to ecosystem 
restoration (Harris 1995; Boulton 1999; Kennard et  al.  2005). This requires that there is a 
comprehensive understanding of the natural variability in structural and functional features of the 
taxa and also of the response of these structural and functional features to environmental 
impacts. Ideally, the taxa should be relatively simple and inexpensive to process, and it is often 
useful for them to have some recognisable association with ecosystem health in the public mind. 
 
A number of studies have suggested that freshwater fishes possess many of the attributes 
necessary to be biological indicators of river health (Harris 1995; Schiemer 2000; Kennard et al. 
2005; Noble et al. 2007; Pont et al. 2007). They can provide measures at many different levels of 
biological organisation, for example community composition, species diversity, population size, 
individual growth rate and physiological function. In addition, their position at or near the apex 
of freshwater food chains means that they are affected by many of the ecological processes 
occurring at lower trophic levels, and therefore they potentially provide measures of ecosystem 
function as well as ecosystem structure. Fishes are ubiquitous, often long lived and have a 
relatively stable population structure, so they can potentially act as both diagnostic and 
compliance indicators. Fishes are also well known and well studied organisms, so that there is 
usually at least comparative information on their physiological and ecological responses to 
environmental impacts. They are also comparatively straightforward to sample and to identify.  
 
Harrison and Whitfield (2004), however, pointed out a number of problems associated with 
using fishes as bioindicators. First, different sampling techniques may have a bias in terms of 17 
 
selectivity for certain fish species and sizes. In addition, migratory behaviour of fishes may lead 
to sampling bias. Fishes may also have higher threshold tolerance than other organisms for 
pollutants or other environmental factors. Finally, fishes, being at higher trophic levels, may 
have a delayed response to environmental impacts, compared with organisms at lower trophic 
levels.  
 
1.5 Effects of salinisation on freshwater fishes 
 
The effect of secondary salinisation on the community composition of Australian freshwater fish 
fauna has, surprisingly, been poorly studied. In one of the few studies that has been conducted, 
Morgan et al. (2003) sampled fishes along the length of the Blackwood River and its tributaries 
and found, first, a contraction in the range of many native obligate freshwater species, compared 
to historical museum records and, second, significant differences in species diversity and 
composition between the upper catchment of the river, the main channel of the lower catchment 
and forested tributaries of the lower main channel. In essence, four species, the native riverine G. 
occidentalis, the native estuarine L. wallacei and P. olorum, and the introduced G. holbrooki, 
were widespread and abundant throughout the river, while 10 other species of native and 
introduced fish had much more restricted distributions, with the other riverine species being 
largely restricted to the forested tributaries of the lower catchment (Table 1.3). 
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Table 1.3 Species of fish caught in the Blackwood River, abundance (% of total captures) and 
presence/absence in different salinity zones (see Figure 1.2); - represents species absence; + 
represents species presence; ++ represents the species is abundant. Data from Morgan et al. 
(2003), Beatty et al. (2008). 
 
Fish species  Abundance  
(% total catch) 
Salinity zone 
   Upper 
catchment 
Lower catchment 
(main channel) 
Lower catchment 
(tributaries) 
Native riverine        
Galaxias occidentalis  11.9 ++  ++  + 
Edelia vittata    7.7  -  +  ++ 
Bostockia porosa    1.6  -  +  ++ 
Tandanus bostocki    1.4  -  ++  + 
Nannatherina balstoni  <0.1 -  +  ++ 
Galaxiella munda     0.1  -  -  + 
Native estuarine        
Leptatherina wallacei   23.5  ++  ++  - 
Pseudogobius olorum     1.6  +  +  - 
Mugil cephalus     0.1  -  +  - 
Introduced        
Gambusia holbrooki   51.7  ++  +  + 
Oncorhynchus mykiss     0.3  -  -  + 
Perca fluviatilis   <0.1  -  -  + 
Carassius auratus   <0.1  -  +  + 
Salmo trutta   <0.1  -  -  + 
 
Differences in species distributions in relation to salinity reflect differences in historical 
distribution patterns and in the ability of species to respond at the level of the individual (through 
acclimatisation or phenotypic plasticity) or the population (through adaptation) to secondary 
salinisation. Salinisation imposes stresses both directly, for example on physiological 
functioning, and indirectly, for example through food availability or competitive interactions, on 
freshwater organisms (Nielsen et al. 2003a). When environmental stresses exceed the threshold 
of freshwater fishes they reflect it by increased mortality or by migration (Albanese et al. 2009; 19 
 
Beatty et al. 2011). However, there are may be differences in the biological response of different 
freshwater fish species towards environmental stresses prior to this threshold being reached. 
 
1.5.1 Effects on mortality rate 
The salinity tolerances of a number of species of native and introduced freshwater fish in 
Australia have been studied, but these are mostly from eastern Australia (Table 1.4; see review 
by James et al. 2003). In general, these studies have indicated that adult fishes are relatively 
tolerant of salinities up to at least 3 ppt, although eggs, larvae and juvenile fishes may be more 
susceptible (Hart et al. 2003; James et al. 2003; Nielson et al. 2003a). Of the fishes which are 
found in the freshwater ecosystems of the south-west of Western Australia, information on 
salinity tolerances is available only for the native riverine G. maculatus (James et al. 2003), the 
estuarine L. wallacei (Thompson & Withers 1992) and the introduced G. holbrooki, C. auratus, 
C. carpio, P. fluviatilis, O. mykiss and S. trutta (James et al. 2003). 
 
1.5.2 Effects on growth rate 
Growth is one of the physiological functions that may be influenced by secondary salinisation 
either indirectly, through effects on food resources (see 1.5.5) or directly, through effects on 
osmoregulatory functioning. Most freshwater fishes maintain their blood salt concentration 
between 7-13 ppt via active transport of ions against external osmotic gradients (James et al. 
2003). When external salinity exceeds internal blood salt concentrations, osmoregulatory 
mechanisms increasingly divert energy away from growth (Bacher & Garnham 1992). 
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Table 1.4 Estimated salinity LC50 scores for adult native and introduced freshwater fishes 
in Australia. Single scores are from one study; where a range of scores are given they are 
from several studies, with the number of studies indicated in parentheses. Acute LC50 
refers to a sudden increase and chronic LC50 to a gradual increase in salinity. Table adapted 
from James et al. (2003). 
 
Scientific name  Common name  Acute 
LC50 (ppt) 
Chronic 
LC50 (ppt) 
Native fishes  
Bidyanus bidyanus   
Craterocephalus fluviatilis   
Galaxias maculatus     
Hypseleotris klunzingeri     
Leiopotherapon unicolor    
Maccullochella peelii peelii  
Macquaria ambigua   
Melanotaenia fluviatilis     
Melanotaenia splendida  
Mogurnda adspersa 
Philypnodan grandiceps 
Prototroctes maraena 
Pseudaphritus urvilli  
Retropinna semoni 
Tandanus tandanus 
 
Introduced fishes 
Carassius auratus 
Cyprinus  carpio 
Gambusia holbrooki 
Perca fluviatilis 
Oncorhynchus mykiss 
Salmo trutta                              
 
Silver perch 
Murray hardyhead   
Common galaxias      
Western carp gudgeon 
Spangled perch  
Murray cod      
Golden perch   
Crimson-spotted rainbow fish 
East Queensland rainbow fish 
Purple-spotted gudgeon 
Flat-head gudgeon 
Australian grayling 
Tupong/congoli 
Australian smelt 
Freshwater catfish 
 
 
Goldfish 
European carp 
Mosquitofish 
Redfin perch 
Rainbow trout 
Brown trout 
 
13.7 
43.7 
45 
38 
22 
13.2 
14.4 
21.1-30 
9 
14.8 
23.7 
30 
17 
59 
13.6 
 
 
7.3-13 
7.3-12.8 
19.5-25 
8 
- 
- 
 
16 
- 
62 
50 
35.5 
15.7 
31 
29.8 
17.8 
17.1 
40 
- 
- 
- 
17.8 
 
 
19.1 
- 
- 
- 
35 
35 
 
A number of studies in Australia and overseas have reported decreased growth rates in 
freshwater fishes as salinity increases. Walsh et al. (2004), for example, recorded larger Anguilla 
reinhardtii (longfinned eels) in freshwater sites than in tidal sites in south-eastern Australia. 
Kibria et al. (1999) found that juvenile Bidyanus bidyanus (silver perch) from eastern Australia 
had a faster growth rate at a salinity of 4 ppt than at 8 ppt. Rogowski & Stockwell (2006) found 21 
 
larger  Cyprinodon tularosa (pupfish) in sites with lower salinity in New Mexico. In an 
experiment conducted by Luz et al. (2008), a significant decline in food intake and growth rate 
of Carassius auratus (goldfish) exposed to salinities of 8-10 ppt was recorded. On the other 
hand,  Vetemaa  et al. (2005) found no significant differences between the growth rate of 
Carassius gibelio (gibel carp) populations in fresh (<0.5 ppt) and brackish (1.5-5 ppt) water in 
Estonia.  
 
1.5.3 Effects on reproduction 
Salinity tolerance studies have indicated that for most eastern Australian species of freshwater 
fish, eggs, sperm and larvae are more susceptible than adults to increasing salinity, with adverse 
effects appearing above 2 ppt (James et al. 2003; Nielsen et al. 2003a). Salinisation may also 
have more subtle effects on reproduction, with a number of reports of different sex ratios in 
waters of different salinity. Alcaraz & Garcia-Berthou (2007), for example, found that in three 
Spanish rivers, more saline regions were dominated by male G. holbrooki and Vetemaa et al. 
(2005) recorded a higher proportion of female C. gibelio in freshwater than in brackish water 
populations in Estonian coastal waters. Such differences in sex ratios may reflect environmental 
effects on embryonic development or differences in salinity tolerance or preference between the 
sexes. According to Walsh et al. (2004) male A. reinhardtii generally live in estuaries and 
brackish lagoons while females prefer freshwater; as a consequence, the ratio of females to males 
increases with increasing distance from the sea. 
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1.5.4 Effects on fluctuating asymmetry of morphological traits 
Environmental stress during development may lead to increased variability in morphological 
traits (Parsons 1990). Such developmental instability is usually measured by fluctuating 
asymmetry (FA), which corresponds to random deviations from perfect symmetry in bilaterally 
symmetrical traits (Palmer & Strobeck 1986). FA is one of three types of asymmetry, 
characterised by differences in the mean and variance of the distribution of right minus left (R-L) 
differences in a trait (Figure 1.3). Traits with FA in a population have a normal distribution of R-
L differences, with a mean of zero. In directional asymmetry there is a consistent bias towards 
greater development on one side of the body, so that R-L differences are normally distributed 
about a mean that is greater or less than zero. Traits with antisymmetry have a platykurtic or 
bimodal distribution of R-L differences about a mean of zero. 
 
Figure 1.3 Frequency (f) distributions of the signed difference in a trait between right (R) 
and left (L) sides, illustrating three commonly observed patterns of deviation from bilateral 
symmetry: (a) fluctuating asymmetry; (b) directional asymmetry; (c) antisymmetry 
(platykurtic or bimodal). From Somarakis et al. (1997).  
 
Within and among populations of fishes, FA has been shown to be positively correlated with a 
range of biotic and abiotic stresses, including poor water quality (Almeida et al. 2008), pollutants 
(Allenbach et al. 1999), restricted feed intake (Somarakis et al. 1997) and parasitism (Sasal & 
Pampoulie 2000; Reimchen & Nosil 2001; Bergstrom & Reimchent 2005). To my knowledge, 23 
 
only one study (Panfili et al. 2005) has examined FA in response to salinity stress. Panfili et al. 
(2005) investigated FA in five otolith traits in two West African estuarine fish species exposed to 
different salinity levels. For most traits there were no significant associations with salinity, 
although one trait (otolith area) did show significantly greater FA in the most saline 
environment. 
 
1.5.5 Effects on diet  
By impacting on aquatic invertebrates and plants, secondary salinisation may adversely affect 
prey available to freshwater fishes. Many Australian freshwater fish species prey on terrestrial 
and aquatic invertebrates and a number of studies have shown that salinisation affects 
invertebrate abundance or community composition (Bunn & Davies 1992; Halse et al. 2003; 
Doupé  et al. 2006). Aquatic microinvertebrates, such as protozoans, rotifers and ostracods, 
generally appear to be very salt-sensitive, with decreasing abundance and species richness above 
1 ppt (James et al. 2003; Nielsen et al. 2003a; Brock et al. 2005). A number of Australian 
macroinvertebrates, particularly crustaceans, have a marine ancestry and appear to be more 
tolerant of increasing salinity than microinvertebrates (Nielsen et al. 2003a), although there is 
much variability between taxa (James et al. 2003). Mitchell & Richard (1992) found a decrease 
in macroinvertebrate species richness at salinities above 4 ppt in the Hopkins River in Victoria, 
and Bunn & Davies (1992) found that increasing salinity in streams in south-western Australia 
was associated with a reduced species richness of macroinvertebrates and a change in 
community composition from an insect-dominated to a crustacean-dominated fauna.  
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While there is little information about the response of Australian freshwater algae or plant 
species toward environmental degradation, the majority of taxa do not appear to be tolerant of 
increasing salinity, with adverse affects on growth or reproductive ability appearing at salinities 
above 1 ppt (Nielsen et al. 2003b). Algae and aquatic plants do not form a major proportion of 
the diet of freshwater fishes in south-west of Western Australia (Morgan et al. 1998), so their 
elimination by rising salinity is unlikely to direct affect the growth rate of native fishes, but there 
will be indirect effects through the impact on micro-and macroinvertebrates. 
 
1.5.6 Effects on parasite load 
Parasitism is the most common lifestyle on earth; all free-living species are hosts to at least one, 
and usually many more species of parasites (Marcogliese 2004). As a consequence, the study of 
parasites is often able to reveal many aspects of the biology of their hosts, such as diet, 
migration, recruitment, population discreteness and phylogeny (Marcogliese 2004). In addition, 
there has been much recent interest in the role of parasites, especially parasites of fishes, as 
bioindicators of ecosystem health (McKenzie et al. 1995; Marcogliese 2005; Lafferty 2008).  
 
Although some indices of aquatic ecosystem health assume that parasitic infection will always 
increase with environmental degradation (e.g. Harris 1995), the reality is much more complex. 
Lafferty (1997) reviewed the responses of a range of parasite taxa to a range of environmental 
impacts, mostly in aquatic ecosystems, and found that the direction of response in parasitic 
infection (increasing, decreasing or neutral) differed markedly between parasite taxa and 
between environmental stresses. Nevertheless, there does appear to be a general trend in the 
response of parasites to environmental impacts; populations of parasites with simple, direct life-25 
 
cycles often increase in size because of a compromised immune response by their host, whereas 
populations of parasites with more complex, indirect life-cycles often decrease in size because 
the environmental change adversely affects free-living stages or intermediate host populations 
(Lafferty & Kuris 1999; Marcogliese 2005; Lafferty 2008).  
 
Most studies of environmental impacts on the parasites of fishes have been concerned with the 
effects of industrial pollution, eutrophication and acidification, and the effects of secondary 
salinisation have rarely been studied. Rogowski & Stockwell (2006), however, found that 
trematode infection of C. tularosa in New Mexico was negatively correlated with salinity, 
apparently because of the effects of salinisation on the gastropod intermediate host of the 
parasite. The snail was absent from areas of high salinity and parasite prevalence was 0% in fish, 
whereas in areas of low salinity snails were abundant and prevalence of the trematode was 85-
100% (Rogowski & Stockwell 2006). 
 
1.6 Aims  
 
The overarching aim of this study was to enhance the understanding of the ecological impacts of 
secondary salinisation in the Blackwood River and other aquatic systems in the south-west of 
Western Australia. In particular, the study aimed to: 
(1) Determine differences in fish community composition between the salinised upper catchment 
and the fresher lower catchment of the Blackwood River; 
(2) Investigate differences in the size distribution, reproductive activity, morphology and 
parasitism between upper and lower catchment populations of four species which have a 26 
 
widespread distribution throughout the river; the native riverine species G. occidentalis, the 
native estuarine species L. wallacei and P. olorum and the introduced species G. holbrooki. 
(3) Examine the salinity tolerance in laboratory experiments for G. occidentalis and for two other 
species, E. vittata and N. balstoni, which are restricted to the lower catchment of the river.  
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CHAPTER 2 
 
Ecological response of a native galaxiid, Galaxias occidentalis Ogilby, 1900, to 
secondary salinisation 
 
   
2.1 Introduction 
  
The Galaxiidae are generally small scaleless fishes with distributions completely restricted to the 
Southern Hemisphere (Andrews 1976; McDowall & Frankenburg 1981). Most members of this 
family remain permanently in fresh water, although there are few which have a diadromous life-
cycle (Andrews 1976; McDowall & Frankenburg 1981; Pen & Potter 1991a; Watts et al. 1995; 
Chapman et al. 2006a). More than 40 species of this family are found in the rivers, lakes and 
streams of New Zealand, New Caledonia, southern Australia, South Africa, Patagonia and some 28 
 
associated islands (Andrews 1976; McDowall & Frankenburg 1981; Pen & Potter 1991a; Nelson 
2006).  
 
Over half of these species are found in Australia and the Galaxiidae is by far the largest fish 
family in the cooler waters of the country (McDowall & Frankenburg 1981). The south-east of 
Australia has the largest diversity of galaxiids with 17 species, and Tasmania has 15 species 
(Johnson et al. 1981). Freshwater habitats in the south-west of Western Australia are host to five 
members of this family; G. occidentalis, G. nigrostriata and G. munda are endemic, while G. 
maculatus and G. truttaceus are also found elsewhere in Australia (Morgan et al. 1998). Some 
populations of both G. maculatus and G. truttaceus in south-eastern Australia are diadromous 
(McDowall & Frankenburg 1981), while there are populations of these two species, including 
those in the south-west of Western Australia, which are landlocked (Morgan 2003; Chapman et 
al. 2006a).   
 
Among endemic fishes in the south-west, G. occidentalis is one of the most common and 
widespread species (Watts et al. 1995; Morgan et al. 1998). Figure 2.1 shows the distribution of 
G. occidentalis in the south-west of Western Australia, extending from 250 km north of Perth 
and ending in the far south-east (80 km east of Albany). G. occidentalis inhabits pools, streams, 
rivers and lakes throughout most of its Western Australian range (Morgan et al. 1998). It has also 
been reported as the most abundant endemic freshwater fish species throughout the Blackwood 
River, a river system which has become extensively modified through salinisation (Morgan et al. 
2003). The Blackwood River is one of only two rivers in the south-west which is inhabited by all 29 
 
eight species of freshwater fish endemic to the region and there are concerning signs of negative 
impacts of increasing salinity on their distributions throughout the river (Morgan et al. 2003). 
 
 
Figure 2.1 Distribution of Galaxias occidentalis in the Southwest Coast Drainage 
Division, showing Blackwood River and rivers at extremities of range. Filled circles 
represent capture sites, unfilled circles represent non-capture sites. Based on data from 
Morgan et al. (1998, 2003 & 2006). 
 
Field observations suggest that increasing salinity has already decreased the range of some native 
riverine species such as Bostockia porosa and Edelia vittata, and at the same time increased the 
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range of estuarine species such as Leptatherina wallacei, which has spread from the estuary 
throughout the main channel of the river (Morgan et al. 2003). Galaxias occidentalis is the only 
native riverine fish species in the Blackwood River which is now found throughout both lower 
and upper catchments, making up approximately 12% of total fish captures in the study by 
Morgan et al. (2003).  
 
Past studies have provided important data on the distribution (Morgan et al. 1998), growth (Pen 
& Potter 1991b), diet (Pen et al. 1993) and reproductive biology (Pen & Potter 1991a) of G. 
occidentalis. However, very little is known about the effect of salinity on these biological 
characteristics. This is a major knowledge gap in understanding the biological flexibility that has 
allowed G. occidentalis to maintain a wide distribution in the Blackwood River and in predicting 
the impacts on this species of increasing secondary salinisation in the Blackwood and many other 
rivers in south-western Australia. In this chapter, the morphology, age distribution, reproduction 
and parasitic infections of G. occidentalis populations from the salinised upper catchment and 
fresher lower catchment of the Blackwood River are compared, in order to help infer the effect 
of salinity on these characteristics.  
 
2.2 Materials and Methods 
 
2.2.1 Sampling protocol 
Four sites were selected in both the highly salinised upper catchment and the less salinised main 
channel of the lower catchment of the Blackwood River, and three sites in fresh tributaries in the 
lower catchment (Figure 2.2). Sampling was conducted at approximately two monthly intervals 31 
 
from late 2005 until mid 2007. At each site on each sampling occasion, fishes were captured and 
a range of environmental parameters were measured. For a number of subsequent comparisons, 
sites were grouped into upper catchment, lower catchment or tributary, and sampling dates were 
grouped into wet season (June to October) or dry season (November to April).  
 
 
 
 
 
 
 
 
Figure 2.2 Sampling sites in the Blackwood River, showing differences in salinity 
between upper and lower catchments and areas sampled in this study. Also shown (in 
italics) are sites from which flow readings were obtained (see Figure 2.3). 
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2.2.2 Environmental parameters 
Monthly water flow data in the main channel of the Blackwood River were obtained from the 
Department of Water, and ambient temperature and rainfall data for the region over the entire 
sampling period from the Australian Bureau of Meteorology figures for Bridgetown (the most 
central town over the sampling area) (see Figures 2.3 to 2.5). At each sampling site, latitude and 
longitude were determined using a handheld GPS unit. A handheld YSI 30 (YSI Inc, Yellow 
Springs, OH) was used to measure water temperature, dissolved oxygen and conductivity. 
Conductivity was reported as salinity (ppt), using standard conversion formulae (George et al. 
1996). The pH was measured using a Hanna Hi 98130 meter (Hanna Instruments, Atlanta, GA). 
These parameters were measured in three different water column samples at each site and a mean 
(± 1 SE) was calculated. 
 
 
Figure 2.3 Total monthly flows at four sites in the main channel of the Blackwood River 
(see Figure 2.2) from January 2006 to March 2008: Nannup (red); Darradup (blue); Gingilup 
(black) and Hot Pool (yellow). Figure courtesy of Department of Water, Bunbury. 
Total Monthly flows Blackwood River main channel
0 
20000
40000
60000
80000
100000
120000
140000
01-
Jan-
06
01-
Mar-
06
01-
May- 
06
01-
Jul-
06
01-
Sep-
06
01-
Nov-
06
01-
Jan-
07
01-
Mar-
07
01-
May-
07
01-
Jul-
07
01-
Sep-
07
01-
Nov-
07
01-
Jan-
08
01-
Mar-
08
Date
Jan        Mar      May         Jul         Sep       Nov        Jan        Mar       May        Jul         Sep       Nov        Jan        Mar 
2006                                                200                            2008   
Date 
Monthly flow ML33 
 
Month
Oct   Jan   Apr   Jul   Oct   Jan   Apr   Jul   Oct   Jan   Apr  
R
a
i
n
f
a
l
l
 
(
m
m
)
0
50
100
150
200
2005 2006 2007 2008
 
 
Figure 2.4 Total monthly rainfall (white) during the study period and long term average (black) 
(from Bridgetown). Data from Australian Bureau of Meteorology. 
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Figure 2.5 Mean monthly maximum air temperature during the study period (solid line) 
and long term average (broken line) (from Bridgetown). Data from Australian Bureau of 
Meteorology. 
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2.2.3 Fish sampling 
Juvenile and adult fishes were captured at each locality using seine nets (10 or 15 m long, fishing 
to a depth of 2 m) or fyke nets (11.2 m wide with two 5 m wings and a 1.2 m wide mouth fishing 
to a depth of 0.8 m, and a 5 m pocket with two internal funnels) all nets being of 2 or 3 mm 
woven mesh. Collected fishes were identified to species in the field, using Allen et al. (2002), 
counted and all native non-target species returned immediately to the water. Larval, juvenile or 
adult G. occidentalis were euthanized in an ice slurry and preserved in glass jars in 70% ethanol 
for subsequent measurement of life history traits. For many measurements a subsample of 
collected fish were used; in this case jars were chosen randomly for analysis. 
 
2.2.4 Size, morphology, age and reproductive status 
Preserved fish were weighed to the nearest 1 mg and the total length (TL; body length including 
the caudal fin) and standard length (SL; body length excluding the caudal fin) measured to the 
nearest 1 mm. Fish were also examined for any obvious physical damage associated with fin-
nipping (see Gill et al. 1999). Fish were then dissected, sexed and the gonads removed and 
weighed to the nearest 1 mg. The gonadosomatic index (GSI) for each fish was calculated as 
(gonad weight/body weight) x 100. Gonads were assigned, on the basis of their morphological 
appearance, to one of the following seven maturity stages (Laevastu 1965): I-virgin; II-maturing 
virgin or recovering spent; III-developing; IV-developed; V-mature or gravid; VI-spawning and 
VII-spent. 
 
Sagittal otoliths are widely used to provide age estimates of various fish species. The highly 
seasonal climatic regime to which fishes are exposed in south-western Australia has resulted in 35 
 
most of the regions’ freshwater fish species having otoliths that are easily ‘read’ in terms of 
ageing, that is the otoliths have clearly defined annuli that are laid down once each year (Pen & 
Potter 1991b; Morgan et al. 1995, 2000, 2002; Morgan 2003). Therefore, for ageing the fish in 
this study, the sagittal otoliths of each fish were removed, cleaned and stored in gelatin capsules. 
To count the number of translucent zones, they were later placed in methyl salicylate in a black 
dish and examined under a dissecting microscope at 40x magnification using reflected light. 
 
Differences in sex ratio of fish populations between catchments were compared by Fisher exact 
test. The effect of sex and catchment on fish TL was tested by a two-factor analysis of variance, 
while the effect of these variables on fish weight was also tested by a two factor analysis of 
variance, but with TL as a covariate. All statistical tests were conducted in JMP v4 (SAS 
Institute, Cary, NC) and for parametric tests, variables were tested for normality and 
homogeneity of variances and, if necessary, transformed prior to analysis. 
 
2.2.5 Dietary analysis 
In order to determine the diet of G. occidentalis, stomach contents were examined under a 
dissecting microscope. All matter was identified to the lowest possible taxonomic level, using 
Davis & Christides (1997). Stomach fullness was also estimated on a scale from 0 to 10, with 0 
being an empty stomach, 8 being a full stomach that is not distended and 10 being a fully 
distended stomach. Stomach contents were analysed using the percentage frequency of 
occurrence and the percentage of volumetric contribution of each dietary item. The percentage 
frequency of occurrence is the proportion of the total number of stomachs that contain a 
particular prey type, while the percentage of volumetric contribution is the proportion of each 36 
 
prey type to the overall stomach contents of each fish, calculated using the points method (Hynes 
1950; Hyslop 1980). 
 
Similarities in diet among individual fish were estimated from square root transformed 
percentage volumetric data using the Bray-Curtis similarity coefficient (Bray & Curtis 1975). 
The significance of differences in diet among fish from different catchment areas or seasons was 
tested by a pseudo two-way analysis of variance procedure applied to the pairwise similarity 
matrix (PERMANOVA, implemented using the computer packages PRIMER 6.0 and 
PERMANOVA+; Clarke & Gorley 2006; Anderson et al. 2008). The contribution of individual 
prey items to the similarity within groups or the dissimilarity among groups, was assessed by 
averaging the Bray-Curtis similarity (or dissimilarity) term for each species over all pairwise fish 
combinations, using the SIMPER procedure in PRIMER 6.0 (Clarke & Gorley 2006). 
 
2.2.6 Fluctuating asymmetry 
Fluctuating asymmetry values were calculated from paired measurements of the number of fin 
rays on right and left pectoral and pelvic fins, and length, width, perimeter and area of right and 
left sagittal otoliths for each fish (Figure 2. 6). Initially, directional asymmetry was tested by the 
skewness, and anti-symmetry by the kurtosis of signed differences of right and left variable 
distributions. If the signed variable distributions were not significantly skewed, bimodal or 
platykurtic, FA was calculated as the unsigned (i.e. absolute value of) difference between right 
and left measurements (this corresponds to the FA1 measure of Palmer 1994).  
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Relationships between FA and character size were tested with Pearson product-moment 
correlations and differences in FA values between catchments, seasons, fish age classes and rates 
of parasitism were tested by analyses of variance, with character size as a covariate if significant 
correlations were found between FA and size. All statistical tests were conducted in JMP v4 
(SAS Institute, Cary, NC). All variables were tested for normality and homogeneity of variances, 
and transformations made if necessary. Tests of differences in FA using different morphological 
variables were regarded as multiple tests of the same hypothesis, and therefore a Bonferroni 
correction was made to ensure an experiment-wide error rate of 5%. 
 
 
 
Figure 2.6 Total length, width, perimeter and area of left and right otolith were measured for 
each fish using Motic Images Plus 2 (Motic Instrument Inc. Richmond, BC Canada). 
 
2.2.7 Parasite sampling 
During morphological measurements and dissection, each fish was examined for macroparasites 
(helminths and arthropods). First the skin, gills, fins and eyes were searched for ectoparasites 38 
 
using a combination of eye and dissecting microscope. Muscles and visceral organs (liver, 
kidney, spleen, gall bladder, gonads and gastrointestinal tract) were then dissected, teased apart 
and examined for parasites using a dissecting microscope. All detected parasites were removed, 
photographed and then preserved in 70% ethanol. If necessary, specimens were cleared in 
lactophenol and prepared as whole mounts for compound microscopic identification. Parasite 
specimens were identified to the lowest taxon possible using standard taxonomic keys, primarily 
Schmidt (1970) and Anderson et al. (1980). 
 
From all fish sampled and for fish from different catchments or seasons, the overall prevalence 
of parasitic infection (i.e. the proportion of fish infected with any species of parasite) as well as 
prevalence of each parasite species, with 95% confidence intervals calculated assuming a 
binomial distribution, were determined using the software Quantitative Parasitology 3.0 (Rózsa 
et al. 2000). Mean intensity (i.e. the number of parasites per infected fish), with 95% bootstrap 
confidence intervals, was also calculated for each parasite species using Quantitative 
Parasitology 3.0 (Rózsa et al. 2000). Differences in parasite prevalence among groups were 
investigated using Fisher exact tests and differences in mean intensity using the bootstrap (see 
Rózsa et al. 2000). 
 
2.3 Results 
 
2.3.1 Environmental variables and fish distribution 
Ambient temperature, rainfall patterns and measurements of water quality parameters including 
temperature, salinity, pH and dissolved oxygen in the upper catchment, the main channel of the 39 
 
lower catchment and tributary sampling sites are shown in Figure 2.7. In general, the figure 
indicates that salinity, temperature and pH were all greatest in upper catchment sites and lowest 
in tributary sites, while dissolved oxygen levels were relatively high in all sites throughout the 
year. Figure 2.8 shows the annual trend of salinity in one of the central sites in the main channel 
of the lower catchment. This clearly indicates a sharp increase in salinity occurring in 
July/August of both 2006 and 2007, coinciding with peak rainfall and increased water flows 
bringing salinised water from the upper catchment (Figures 2.3 and 2.4).   
 
Galaxias occidentalis was the most abundant and widespread native riverine fish species 
captured in the Blackwood River. The species was recorded throughout the year in both upper 
and lower catchment sites, making up 7% of the total catch in upper catchment sites, 13% in the 
main channel and 22% in freshwater tributaries of the lower catchment (Figure 2.9). In terms of 
coexisting fish species, G. occidentalis shared the upper catchment with Pseudogobius olorum, 
Leptatherina wallacei and Gambusia holbrooki, and the main channel of the lower catchment 
with these three species and also  Edelia vittata, Tandanus bostocki, Nannatherina balstoni, 
Bostockia porosa and Afurcagobius suppositus (Figure 2.9). In tributary sites, G. occidentalis 
was found with Edelia vittata, Tandanus bostocki, Nannatherina balstoni, Bostockia porosa, 
Afurcagobius suppositus, Galaxiella munda and occasionally Oncorhynchus mykiss (Figure 2.9). 
With this wide distribution, G. occidentalis was found in salinities ranging from <0.5 ppt to 
>30ppt. 
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Figure 2.7 Mean and standard error (a) water temperature, (b) salinity, (c) pH and (d) 
dissolved oxygen of sampling sites in the upper catchment (black), main channel of the 
lower catchment (red), and freshwater tributaries of the lower catchment (green) of the 
Blackwood River.  41 
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Figure 2.8 Seasonal changes in water salinity (ppt) at one of the central sites 
(Jalbaragup Road) in the main channel of the lower catchment of the 
Blackwood River.  
 
2.3.2 Sex ratio, size, age and growth rates 
The TL of all G. occidentalis collected ranged from 20 mm to 135 mm (Figure 2.10). Four 
different age classes could be observed from annual increments in the otoliths of G. occidentalis 
in the current study. Over all sites and sampling dates, 41% of fish were attributed to the 0+ age 
class, 46% to 1+, 12% to 2+ and 1% to 3+. There was a strongly female biased sex ratio (2.7 
female: 1 male, n = 937), with no significant differences between upper catchment and lower 
catchment sites (Fisher exact test, p = 0.90). There was a strong positive relationship between TL 
and weight for both male and female fish (Figure 2.11). Two-factor analyses of variance and 
covariance found no significant effects of sex, catchment, or the interaction of sex and catchment 
on fish TL, or fish weight, with TL as a covariate. 42 
 
 
 
 
Figure 2.9 Fish composition in the Blackwood River sites (a) upper catchment (b) main 
channel of the lower catchment and (c) freshwater tributaries.  43 
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Figure 2.10 Length-frequency distribution for all Galaxias occidentalis examined in 
this study (n = 937). 
 
Length-frequency distributions of fish sampled throughout the year from upper catchment sites 
are shown in Figure 2.12a. No G. occidentalis were captured from the upper catchment in July or 
August. In October new recruits (0+ age class; 20-25 mm modal TL), 1+ (65-70 mm modal TL) 
and a few 2+ fish (TL>80 mm) were found. The 0+ fish grew rapidly over spring and summer, 
reaching 40-45 mm TL by December and by March there was a continuous distribution of 0+, 
1+, 2+ and 3+ fish with TL´s ranging from 50-122 mm. By June the 3+ fish had disappeared and 
the 0+ age class had reached 60-65 mm TL. 
       44 
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Figure 2.11 Relationship between total length (TL) and weight (W) for (a) female and (b) male 
Galaxias occidentalis captured in this study. Curves were fitted using JMP v4 (SAS Institute, 
Cary, NC). 45 
 
In the lower catchment, G. occidentalis were captured either in the main channel or in the 
freshwater tributaries throughout the year (Figure 2.12b). In July and August a range of different 
age classes, including 0+, 1+, 2+ and 3+, with TL ranging from 55-130 mm, were present among 
the samples. The same trend but with lower numbers of fish was continued during September 
and October. In the following months, the dominant age class was 1+ (60-65 mm TL).    
 
2.3.3 Gonadal development 
Gonadal development of G. occidentalis was similar for both sexes but somewhat different 
between upper and lower catchments (Figure 2.13). The lowest GSI΄s (< 1%) for both sexes were 
recorded in March. By June, GSI΄s had increased to approximately 5%. No fish were captured in 
the upper catchment through July and August, but by October GSI΄s peaked at 15-17%. This was 
followed by a dramatic fall in November when GSI΄s reached their lowest point. In lower 
catchment sites no significant gonadal development was recorded from February to May, with a 
rapid increase to a peak of 12-13% by July. This peak was extended through August and 
September, with a rapid fall by October. 
  46 
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Figure 2.12a Length-frequency histograms for Galaxias occidentalis 
populations in the upper catchment of the Blackwood River.  47 
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   Figure  2.12b  Length-frequency histograms for Galaxias occidentalis 
 populations in the lower catchment of the Blackwood River.  48 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13 Mean seasonal changes in gonadosomatic index (95% CI) in female (black) 
and male (white) Galaxias occidentalis from (a) upper catchment sites and (b) lower 
catchment sites of the Blackwood River. 
 
2.3.4 Fish diets 
 
The composition of G. occidentalis diets in upper and lower catchments in both dry and wet 
seasons are presented in Table 2.1. The results demonstrate that the diet of G. occidentalis in the 
Blackwood River, regardless of season or location, is dominated by aquatic invertebrates (mainly 
aquatic beetles and dipteran larvae although terrestrial arthropods, particularly dipteran adults, 
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were also consumed. This suggests the fish are opportunistic predators, feeding at the surface and 
throughout the water column.  
 
Fish diets were significantly affected by season and catchment, but not by their interaction 
(PERMANOVA; for season F1,184 = 5.45, p = 0.003; for catchment F1,184 = 27.30, p = 0.001; for 
interaction of season and catchment F1,184 = 2.51, p = 0.06). SIMPER analysis found that in both 
dry and wet seasons over 70% of the differences in diet between fish in upper and lower 
catchment sites was due to a relatively greater proportion of adult coleopterans in the diet of fish 
from the lower catchment and a relatively greater proportion of dipterans and amphipods in the 
diet of fish from the upper catchment (Table 2.2).  
 
2.3.5 Fluctuating asymmetry 
Fish were measured for fin and otolith traits. All traits were variable, with ranges of 12-14 for 
pectoral fin ray number, 6-8 for pelvic fin ray number, 1.3-2 mm for otolith length, 1.2-1.7 mm 
for otolith width, 2.2-3.7 mm for otolith perimeter and 1.8-2.6 mm
2 for otolith area. The 
distributions of all signed right-left difference values for fins and otolith traits were not 
significantly skewed or platykurtic, indicating that they were not directionally symmetric or 
anti-symmetric. FA values were therefore calculated for all traits and in no case were FA 
values significantly correlated with trait size. There were no significant differences in FA for 
any trait between sexes, or between fish infected or not infected with parasites, nor was there 
any correlation between fish condition and FA for any trait. Juvenile fish, however, had 
significantly lower FA than adult fish for otolith perimeter (F1,148 = 10.20, p < 0.05, with the 
Bonferroni) and otolith area (F1,148 = 10.19, p < 0.05, with the Bonferroni). Two way analyses 
of variance found no significant effects of season on FA for any trait and only one significant 50 
 
effect of catchment location, with fish from lower catchment sites having significantly greater 
FA for otolith perimeter (F1,153 = 14.33, p < 0.05, with the Bonferroni). 
 
Table 2.1 Proportional contribution (by volume) of different prey taxa in the diet of 
Galaxias occidentalis from upper and lower catchment sites in wet and dry seasons. 
 
Prey type  Upper catchment  Lower catchment 
  Dry season 
(n=114) 
Wet season 
(n=40) 
Dry season 
(n=60) 
Wet season 
(n=122) 
Coleoptera adults  0.39 
 
0.23 0.89 0.71 
Amphipoda 0 
 
0.18 0  0 
Diptera larvae  0.28 
 
0.15 0 0.08 
Coleoptera larvae  0.01 
 
0.16 0 0.08 
Diptera adults  0.06 
 
0.13 0.09 0.09 
Decapoda 0 
 
0.04 0  0.03 
Arachnida 0 
 
0 0  0.05 
Lepidoptera 0.07 
 
0 0 0 
Tricoptera larvae  0.03 
 
0 0 0 
Hymenoptera 0.02  0  0  0 
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Table 2.2 Mean abundance of different prey taxa in the diet of Galaxias occidentalis from upper 
and lower catchment sites (averaged over seasons), and cumulative percentage of dissimilarity 
between these site explained by these taxa (calculated from two-way SIMPER analysis). Taxa 
are arranged in order of decreasing contribution to dissimilarity, and taxa which contributed less 
than 1% to the cumulative percentage of dissimilarity have been omitted. 
 
Prey type  Mean abundance Cumulative % dissimilarity
  Upper catchment Lower catchment  
Coleoptera adult 
 
0.37  0.80 36.8 
Diptera larva 
 
0.29  0.09 55.5 
Diptera adult 
 
0.11  0.12 67.8 
Amphipoda 
 
0.08  0 75.4 
Coleoptera larva 
 
0.07  0.06 82.8 
Decapoda 
 
0.06  0.02 86.8 
Lepidoptera 
 
0.06  0 89.3 
Arachnida  0.02  0.01 91.1 
 
2.3.6 Parasite fauna 
The larval stages of three species of endoparasitic nematodes (Eustrongylides sp., Contracaecum 
sp. and an unidentified species) and metacercariae of the trematode Diplostomum sp. were found 
in G. occidentalis (Figure 2.14), with an overall prevalence of parasitic infection (i.e. infection 
with any species of parasite) of 0.12 (n = 474). 
 
All the parasites were larval stages and definitive species identification was therefore not 
possible without further studies to determine life-cycle or undertake molecular genetic analysis. 
The species of Eustrongylides was morphologically similar to E. gadopsis described by Johnston 
and Mawson (1940) and the species of Diplostomum is likely to be D. galaxiae as described by 52 
 
Chapman et al. (2006b). The unidentified nematode species was found in the stomach of infected 
fishes, usually attached to dietary items. At this stage it is not possible to determine whether this 
is a true parasite of G. occidentalis or whether the fish is simply an accidental host and the 
parasite occurs in one of the invertebrate species on which it preys. 
 
 
Figure 2.14 Examples of the species of parasites found in Galaxias occidentalis in the 
Blackwood River: (a) Eustrongylides sp.; (b) Diplostomum sp. (arrowed); (c) 
Contracaecum sp.  
 
Table 2.3 shows the prevalence and mean intensity of infection with each species of parasite in 
upper and lower catchment sites. Although there were no differences in infection parameters 
between catchments for Eustrongylides sp. and Contracaecum sp., Diplostomum sp. was 
significantly more prevalent in lower catchment sites (Fisher exact test, p < 0.001) and the 
(b)
(c) 
(a) 53 
 
unidentified nematode species was significantly more prevalent in upper catchment sites (Fisher 
exact test, p < 0.001). Considering only lower catchment sites for Diplostomum sp. and only 
upper catchment sites for the unidentified nematode, prevalence of infection with both species 
was more common in wet season (winter/spring) than in dry season (summer/autumn) samples 
(for Diplostomum sp., prevalence = 0.150 in wet season and 0.019 in dry season, Fisher exact 
test, p < 0.001; for unidentified nematode species prevalence = 0.065 in wet season and 0 in dry 
season, Fisher exact test, p < 0.001). 
 
Table 2.3 Prevalence and mean intensities of infection (with 95% confidence intervals 
in parentheses) of parasite species found in Galaxias occidentalis sampled from sites in 
the upper catchment and lower catchment of the Blackwood River.  
 
Parasite species  Upper catchment  Lower catchment 
 Prevalence  Intensity  Prevalence  Intensity 
Eustrongylides sp.  0.014 
(0.004-0.042) 
1 0.011 
(0.003-0.033) 
 
1 
Contracaecum sp.  0.00  -  0.004 
(0.001-0.022) 
 
1 
Unknown nematode sp.  0.057 
(0.033-0.097) 
1 0.002 
(0.001-0.022) 
 
1 
Diplostomum sp.  0.00  -  0.143 
(0.105-0.192) 
1.5 
(1.29-1.68) 
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2.4 Discussion 
 
2.4.1 Distribution of Galaxias occidentalis  
Galaxias occidentalis is the most common and widespread member of the Galaxiidae family in 
the south-west of Western Australia (Watts et al. 1995; Morgan et al. 1998). In this study it was 
evident that G. occidentalis was also the most common endemic teleost in the Blackwood River, 
making up approximately 14% of all captured fishes. The species was captured throughout the 
upper and lower catchments of the Blackwood River, in water salinities ranging from <0.5 ppt to 
over 30 ppt. This aligns with the findings of Morgan et al. (2003) and Beatty et al. (2008) and 
suggests that G. occidentalis has a relatively high salinity tolerance. Differences in salinity 
between catchments, however, were correlated with differences in other environmental variables, 
such as temperature and pH (see Figure 2.7), and experimental tests of salinity tolerance will be 
required to disentangle the effects of these variables. The tolerance of G. occidentalis to a wide 
range of salinities (and other environmental variables) is also suggested by the lack of any 
evidence of FA in fish captured from any part of the Blackwood River. Fluctuating asymmetry is 
often used as a measure of developmental instability when organisms are faced with 
environmental stresses during development (Somarakis et al. 1997; Panfili et al. 2005; Almeida 
et al. 2008). It should be noted, however, that there were no records of the early life histories of 
the fish on which FA was measured, so they may not have developed in markedly different 
salinities, even though they were in parts of the river which differ in salinity when they were 
captured. 
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Despite the presence of G. occidentalis throughout the Blackwood River, it disappeared from the 
upper catchment sites from July to September. By October, the species had reappeared, but was 
largely restricted to one site in the Hillman River tributary which had a relatively low salinity 
(ranging from 6-11 ppt) throughout the year. I hypothesise that the species may contract to such 
refuge sites in the upper catchment as salinities increase with the flow of highly saline water 
down the river in winter, and then recruit to other sites through spring and summer. This is 
consistent with the ability of G. occidentalis to undertake migrations of considerable distance 
(Beatty et al. 2006, 2007), but requires testing by further, more regular field sampling throughout 
the year. Albanese et al. (2009) found that fish mobility was the best predictor of colonisation 
success and population recovery following local extinction among freshwater fishes in the USA. 
 
In the lower catchment (both main channel and tributaries), G. occidentalis had a more 
permanent presence, although numbers in the main channel declined sharply in November. 
According to a study by Pen & Potter (1991a) in the Collie River, G. occidentalis migrates from 
the main river into its tributary creeks immediately after these creeks become filled by winter 
rainfall. Moreover, the majority of the females caught in these tributaries had gravid, spawning 
or spent ovaries (Pen & Potter 1991a). Beatty et al. (2008) studied the migration pattern of G. 
occidentalis in the Blackwood River, and they recorded the strongest upstream movement in 
winter, peaking in June and August. They also found that the vast majority of G. occidentalis in 
Blackwood River tributaries were less than 40 mm. Taken together, these findings suggest that 
G. occidentalis moves to creeks or fresher parts of the river to spawn (McDowall & Frankenberg 
1981; Pen & Potter 1991a; Beatty et al. 2008).  
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2.4.2 Growth and life- cycle of Galaxias occidentalis 
Most of the G. occidentalis captured in this study were in their first or second year of life, with a 
much smaller number in their third year. This is consistent with the age distribution recorded for 
G. occidentalis in the Collie River by Pen & Potter (1991b). In the current study, G. occidentalis 
reached approximately 70 mm TL by the end of their first year of life and were sexually mature, 
again similar to the findings of Pen & Potter (1991b) for the Collie River population. Unlike Pen 
& Potter (1991b), I did not find any differences in total length or length-corrected weight of adult 
male and female fish. Growth of fish appears to be seasonal, with little or no growth in winter, 
but a rapid increase in size of young fish over spring and summer. 
  
Trends in gonadal development of G. occidentalis captured from the main channel of the lower 
catchment suggest that spawning starts in July and continues through August and September. Pen 
& Potter (1991a) found a similar protracted spawning period, though with a slightly earlier start 
(from June to September), in the Collie River. No small recruits (<20 mm) were captured in the 
main channel, supporting the suggestion that spawning occurs in freshwater tributaries in the 
lower catchment (Beatty et al. 2008). The smallest fish captured in the main channel, 40-50 mm 
TL, appeared in January. The absence of fish from the upper catchment in winter made trends in 
gonadal development more difficult to interpret, although it appears that spawning may continue 
through October. Many recruits also first appeared in October, so it may be that the spawning 
period begins at the same time as in the lower catchment and is more protracted. 
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2.4.3 Diet of Galaxias occidentalis 
This study found that G. occidentalis populations in the Blackwood River fed principally on 
aquatic invertebrates, such as water beetles and dipteran larvae, although a wide range of other 
prey items, including terrestrial fauna, were also found in the diet. There was also a marked 
difference in the diet of fish in upper and lower catchment sites, with fish in the lower catchment 
relying more on water beetles, while fish in the upper catchment ate relatively more dipteran 
larvae and amphipods. This is likely to reflect differences in aquatic invertebrate composition in 
different parts of the river, perhaps because of differences in salinity tolerance, rather than 
differences in dietary preference of different populations of fish. Hart et al. (1991) described 
crustaceans as the most salt tolerant of the Australian aquatic macroinvertebrates and Jardine et 
al. (2008) recorded Aedes camptorhynchus (Thomson) (Diptera: Culicidae) as the most dominant 
insect species in inland waterways in the south-west of Western Australia, particularly those 
affected by waterlogging and dryland salinity. Van et al. (2009) found that Aedes 
camptorhynchus larvae successfully survived to adulthood at salinities between 8 and 30 ppt.  
 
In contrast to the findings of the current study, Pen & Potter (1991b) and Pen et al. (1993) found 
that terrestrial invertebrates, presumably eaten at the water surface, constituted the bulk of the 
diet of G. occidentalis throughout the year in the Collie River. This has also been reported for 
other galaxiids, such as Galaxias fasciatus and Galaxias brevipinnis in New Zealand (Main & 
Winterbourne 1987; Main & Lyon 1988), although terrestrial fauna constituted only a small 
proportion of the diet of G. maculates in eastern Australia (Pollard 1973) and Aplochiton zebra 
in South America (Lattuca et al. 2007). 
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2.4.4 Parasitic infection of Galaxias occidentalis 
Three species of nematodes (Eustrongylides sp., Contracaecum sp. and an unidentified species) 
and one species of trematode (Diplostomum sp.) were found to infect G. occidentalis in the 
Blackwood River. All of the parasites were present as larval stages and presumably use fishes as 
intermediate hosts. The species of Eustrongylides,  morphologically similar to E. gadopsis 
described by Johnston & Mawson (1940), was found in the abdominal cavity. Species of 
Eustrongylides typically utilise piscivorous birds as definitive hosts, with freshwater 
oligochaetes as the first intermediate host and fishes which feed on the oligochaetes as the 
second intermediate host. Eustrongylides larvae are typically encysted in flattened, fibrous 
connective-tissue capsules which can be found in the host’s body cavity or internal organs (Von 
Brand 1937). Pollard (1974) recorded infection of G. maculatus with Eustrongylides larvae in 
eastern and Western Australia.  
 
Contracaecum sp., found in the abdominal cavity and liver, belongs to the family Anisakidae, 
and species are commonly found in marine fishes. Lymbery et al. (2002) found a species of 
Contracaecum in four marine fish species (Acanthopagrus butcheri,  Sillaginodes punctata, 
Mugil cephalus and Aldrichetta forsteri) along the coast of Western Australia, and Chapman et 
al. (2006b) reported a species of Contracaecum in G. maculatus in a freshwater lake in Western 
Australia. This parasite has a complex life-cycle in which adult parasites live in the stomach or 
intestine of piscivorous marine mammals or birds. Eggs and larvae are released by the definitive 
host and ingested by an invertebrate (usually a crustacean) which is the first intermediate host. 
Different species of fish or cephalopods may act either as second intermediate or paratenic hosts 
(Køie & Fagerholm 1995; Lymbery et al. 2002). Larvae of Contracaecum are usually found 59 
 
encysted in the body cavity and sometimes in the internal organs of their fish host (Lymbery et 
al. 2002). 
 
Trematode metacercariae, found principally in the skin, were identified as a species of 
Diplostomum (probably D. galaxiae; see Chapman et al. 2006b). Species of Diplostomum 
generally use piscivorous birds as definitive hosts, aquatic snails as first intermediate hosts and 
fishes as second intermediate hosts (Hoffman 1999). The metacercarial larval stage in fishes 
typically encysts, forming dark, raised lesions in the skin (“black spot disease”). Chapman et al. 
(2006b) found 11.8% of G. maculatus in Moates Lake in the south-west of Western Australia to 
be infected with Diplostomum sp. 
 
Although the prevalence of both Eustrongylides sp. and Contracaecum sp. among G. 
occidentalis populations in upper and lower catchment sites was relatively similar, infections 
with Diplostomum sp. were more prevalent in the lower catchment and infections with the 
unidentified nematode species were prevalent in the upper catchment. The greater prevalence of 
the unidentified nematode species in the upper catchment may reflect the differences in aquatic 
invertebrate fauna among catchments, as this parasite may simply have been accidentally 
ingested by fish. The absence of Diplostomum sp. from the upper catchment, compared with a 
prevalence of 14.3% in fish from the lower catchment, may reflect the effect of environmental 
conditions, particularly high salinity and temperatures, on either the free-living miracidia of the 
parasite or the other hosts in the life-cycle. There is both experimental and observational 
evidence for a decline in the species richness and abundance of freshwater molluscs and water 
birds as salinity increases (Hart et al. 1991; Halse et al. 2003; Nielsen et al. 2003a). 60 
 
 
2.5 Conclusions 
 
The Blackwood River supports a diverse community of native and exotic fish species. Galaxias 
occidentalis was by far the most abundant native species captured in the river and was the only 
species which used all parts of the river (upper catchment, main channel of the lower catchment 
and freshwater tributaries). Although G. occidentalis inhabited all parts of the river, there were 
important differences in life-cycle, diet and parasitic infections between populations in the salt 
affected upper catchment and the relatively fresh lower catchment. This suggests an influence of 
salinity on fish life history, although this needs to be confirmed by experimental studies which 
can separate the effects of salinity from those of other environmental variables which may be 
correlated with salinity in the field. In the lower catchment, there was a winter-spring spawning 
period which appeared to occur chiefly in the freshwater tributaries, with young fish moving 
back to the main channel in summer. In the upper catchment, spawning appeared to extend later 
into spring, but may have been confined to a small number of refuge sites, with recolonisation of 
the upper catchment occurring over summer. Differences in diet and parasitism between 
catchments were likely due to the effects of salinity, or other, correlated environmental variables, 
on other aquatic fauna.  
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CHAPTER 3 
 
Ecological response of an estuarine atherinid, Leptatherina wallacei (Prince, 
Ivantsoff and Potter, 1981), to secondary salinisation 
 
  
 
3.1 Introduction 
 
The Atherinidae (hardyheads or silversides) is one of the more abundant teleost families in 
coastal systems, estuaries and rivers in tropical and temperate waters between approximately 
50˚N and 50˚S (Prince & Potter 1983; Allen et al. 2005). The family comprises 165 species from 
24 genera most of which are small in size (some can reach up to 60 cm but most are less than 5 
cm in length) (Allen et al. 2005). Despite the abundance and widespread occurrence of the 
Atherinidae throughout the world, detailed biological information is available for few species. 62 
 
This is particularly true in Australia, where the life-cycle and biology of hardyhead species has 
been studied only rarely (e.g. Prince et al. 1982; Prince and Potter 1983; Humphries 1993; 
Thompson & Withers 1992; Valesini et al. 1997; Allen et al. 2005; Wedderburn et al. 2008). 
 
The most widespread member of the Atherinidae in the south-west of Western Australia is the 
endemic western hardyhead Leptatherina wallacei (Prince & Potter 1983; Morgan et al. 1998), 
which is widely distributed throughout the Southwest Coast Drainage Division from the Hill 
River to east of Esperance (Figure 3.1) (Morgan et al. 1998, 2006; Allen et al. 2002). 
Leptatherina wallacei is often reported as the most abundant species in estuaries of south-
western Australia (Potter & Hyndes 1999) and is the second most abundant fish species within 
the Blackwood River estuary (Valesini et al. 1997).  
 
Within Western Australia, secondary salinisation has led to a number of estuarine species now 
being found well inland and outside of their historic range (Morgan et al. 1998, 2003). 
Leptatherina wallacei is now present throughout much of the Blackwood River system, where it 
has been reported to contribute almost 25% of all fish abundance upstream of the estuary 
(Morgan  et al. 2003). The ability to survive and flourish throughout the largely salinised 
Blackwood River system has probably been facilitated by this estuarine species’ physiological 
ability to tolerate fluctuations in salinity, with many parts of the upper catchment having 
salinities well in excess of that experienced in estuarine environs of the region (Prince et al. 
1982; Prince & Potter 1983; Morgan et al. 2003). However, it is hypothesised that both 
biological and physiological attributes will be crucial in allowing the species to dominate the 
ichthyofauna of this highly variable system. For example, as is the case for the Murchison River 63 
 
hardyhead (Craterocephalus cuneiceps), another atherinid endemic to Western Australia, aspects 
such as a protracted breeding period, high fecundity, small size and young age at maturity, 
flexible dietary requirements, non-specific habitat requirements and broad environmental 
tolerances (Allen et al. 2005) would all aid in obtaining numerical dominance throughout the 
river’s extremely variable environments. 
 
 
Figure 3.1 Distribution of Leptatherina wallacei in the Southwest Coast Drainage Division. 
Based on data from Morgan et al. (1998, 2006). Filled circles are capture sites.  
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Although the diet, reproductive period and longevity of L. wallacei have been elucidated within 
an estuarine environment (i.e. the Swan River Estuary; see Prince et al. 1982; Prince & Potter 
1983), there have been no ecological studies within non-estuarine environments. This study 
represents the first for the species in inland waters beyond the level of tidal influence and 
examines aspects of the morphology, biology and ecology of L. wallacei from both fresh and 
secondarily salinised habitats throughout the Blackwood River catchment, and compares these 
data to the ecology of the species from within an estuarine environment. 
 
3.2 Materials and Methods 
 
The sampling protocol, measurement of environmental parameters, fish sampling, measurement 
of size, morphology, age, reproductive status, diet, fluctuating asymmetry and parasitism, and 
data analysis all followed the procedures described in Chapter 2 (sections 2.2.1-2.7), except that 
for dietary analysis foregut contents were used, as L. wallacei lacks a well-defined stomach.  
 
3.3 Results 
 
3.3.1 Environmental variables and fish distribution 
Salinity, temperature and pH were all greatest in upper catchment sites and lowest in tributary 
sites, while dissolved oxygen levels were relatively high in all sites throughout the year (see 
Figure 2.7, Chapter 2). Leptatherina wallacei was found throughout the year in both upper 
catchment and main channel lower catchment sites. However, it was never recorded from 
tributary sites. Over all sampling sites and times, L. wallacei was the second most abundant fish 65 
 
species found in the upper catchment, making up 14% of the total fish catch, while in the lower 
catchment it was the third most abundant species, making up 22% of the total fish catch (Figure 
2.9, Chapter 2). In addition to L. wallacei, three other fish species (G. occidentalis, G. holbrooki 
and P. olorum) were found in upper catchment sites, while in addition to G. occidentalis, P. 
olorum and G. holbrooki, a number of other fish species (B. porosa, E. vittata, T. bostocki, A. 
suppositus and N. balstoni) were found in lower catchment sites. 
 
3.3.2 Size, age and growth rates 
The TL of all fish collected ranged from 10 mm to 95 mm (Figure 3.2). From otolith zones, fish 
of three different age classes were found in the study. Over all sites and sampling dates, 45% of 
captured fish belonged to the 0+ age class, 43% to 1+ and 12% to 2+. Over all sampling sites and 
dates, there was a strongly female-biased sex ratio (1.63 female: 1 male, n = 776). This was more 
pronounced in lower catchment sites than in upper catchment sites (73% versus 56% female; 
significantly different by Fisher exact test, p = 0.01). There was a strong positive relationship 
between TL and weight for both female and male fish (Figure 3.3). Two factor analysis of 
variance found that fish TL was significantly affected by sex (F1,772 = 16.33, p < 0.0001), but not 
by catchment (F1,772 = 2.55, p = 0.11) or the interaction of sex and catchment (F1,772 = 0.34, p = 
0.56). Female fish (mean TL = 60.2 ± 0.6 mm) were longer than male fish (mean TL = 54.5 ± 1.2 
mm). Fish weight, with length as a covariate, was significantly affected by catchment (F1,772 = 
6.62, P = 0.01), but not by sex or the interaction of sex and catchment. Fish from lower 
catchment sites (LSM weight = 1.11 ± 0.03g) were significantly heavier than fish from upper 
catchment sites (LSM weight = 1.03 ± 0.01g). 
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The length-frequency distribution of monthly fish samples showed different trends in upper and 
lower catchment sites. Fish were captured in upper catchment sites throughout the year (Figure 
3.4a). New recruits (10-20 mm TL) first appeared in late spring (November) and grew rapidly 
over summer to reach 45-50 mm by March. Larger fish (60-75 mm TL) were present throughout 
the winter and spring, but their numbers declined markedly in summer, suggesting mortality after 
spawning. By contrast, fish presence in lower catchment sites was strongly seasonal, with most 
fish captured in summer and autumn (Figure 3.4b). New recruits (10-20 mm TL) appeared in late 
summer (February) and appeared to grow slowly over winter, reaching 45-50 mm TL by August. 
The number of larger fish (60-75 mm TL) declined rapidly in autumn, consistent with mortality 
at this time. 
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Figure 3.2 Length-frequency distributions for all Leptatherina wallacei examined in the study 
(n=776) 
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Figure 3.3 Relationship between total length (TL) and weight (W) for all (a) female and 
(b) male Leptatherina wallacei collected in this study. Curves were fitted using JMP v4 
(SAS Institute, Cary, NC). 
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Figure 3.4a Length-frequency histograms of Leptatherina wallacei populations in the 
upper catchment of the Blackwood River. 
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Figure 3.4b Length-frequency histograms of Leptatherina wallacei populations in 
the lower catchments of the Blackwood River.70 
 
 
3.3.3 Gonadal development 
Only female fish were captured in sufficient numbers in both upper and lower catchments to 
study gonadal development. There was a marked difference in the timing of gonadal 
development between fish in the upper and lower catchments (Figure 3.5). In upper catchment 
sites the mean GSI’s began to increase from 2.5 at the end of winter and peaked in mid-spring 
when they reached 11, while in lower catchment sites the mean GSI’s rose more slowly 
throughout spring and peaked in early summer when they reached 5.3 (Figure 3.5). These peaks 
coincided with the greatest proportion of fish with mature gonads (i.e. greater than stage IV) in 
mid-spring in upper catchment sites and early summer in lower catchment sites (Figure 3.6). 
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Figure 3.5 Seasonal changes in gonadosomatic index (95% CI) in female 
Leptatherina wallacei from upper catchment (grey) and lower catchment 
(black) sites of the Blackwood River.  71 
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Figure 3.6 Percentage contributions of different gonadal stages for female 
Leptatherina wallacei from the upper (grey bars) and lower (black bars) 
Blackwood River catchment in mid-spring. 
 
3.3.4 Fish diets 
Diets were compared between fish populations in the upper and lower catchment during both wet 
and dry seasons. A wide range of invertebrate taxa was consumed, with the most common prey 
being of the insect orders Diptera and Trichoptera and the crustacean orders Amphipoda, 
Copepoda and Ostracoda (Table 3.1). PERMANOVA analysis found a significant effect of 
catchment (F1,251 = 22.80, p = 0.001), season (F1,251 = 8.65, p = 0.001) and their interaction (F1,251 
= 5.22, p = 0.001) on fish diets. SIMPER analysis found that in the dry season, 75% of 
differences in diet between fish in different catchments were explained by a relatively greater 
abundance of trichopteran larvae and hymenopterans in the diets of fish from lower catchment 72 
 
sites, and a relatively greater abundance of dipteran larvae, amphipods and ostracods in the diets 
of fish from upper catchment sites. In the wet season, almost 90% of the differences between 
catchments were explained by a greater abundance of trichopteran adults and larvae, and dipteran 
larvae in the diets of fish from lower catchment sites, and a relatively greater abundance of 
amphipods and copepods in the diets of fish from upper catchment sites (Table 3.2). 
 
3.3.5 Fluctuating asymmetry 
All fin and otolith traits were variable, with ranges of 11-13 for pectoral fin ray number, 5-6 for 
pelvic fin ray number, 1.6-2.2 mm for otolith length, 1.4-2 mm for otolith width, 2.5-4.1 mm
2 for 
otolith perimeter and 2-2.8 mm for otolith area. The distributions of all right-left difference 
values for fins and otolith traits were not significantly skewed and were all slightly leptokurtic, 
indicating that they were not directionally symmetric or anti-symmetric. FA values were 
therefore calculated for all traits and in no case were FA values significantly correlated with trait 
size. There were no significant differences in FA for any trait between sexes, between adult and 
juvenile fish, between fish infected or not infected with parasites (see below), between fish 
sampled in wet and dry seasons or between fish from upper catchment and lower catchment sites. 
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Table 3.1 Proportional contribution (by volume) of different prey taxa in the diet of 
Leptatherina wallacei from the upper and lower catchment of the Blackwood River in 
wet and dry seasons. 
 
Prey type  Upper catchment  Lower catchment 
 Dry  season 
(n = 128 ) 
Wet season 
(n = 73 ) 
Dry season 
(n = 47) 
Wet season 
(n = 23 ) 
Diptera  larvae  0.35 0.39 0.11 0.41 
Amphipoda 0.21  0.26  0  0 
Ostracoda 0.21  0.05  0  0 
Copepoda 0.06  0.24  0  0.06 
Hymenoptera 0  0.0  0.12  0 
Cladocera 0.06  0.01  0  0.02 
Diptera  adults  0.06 0.03 0.06 0.04 
Coleoptera  adults  0.02 0 0.09 0 
Trichoptera  larvae  0.02 0 0.54  0.26 
Plant material  0  0  0.02  0 
Arachnida 0  0  0.02  0 
Ephemeroptera      0 0 0  0.01 
Trichoptera adults    0  0  0  0.19 
Odonata     0.01  0  0  0 
Coleoptera larvae  0  0.01  0.04  0 
Decapoda 0.06  0  0  0 
Fish larvae  0.02  0  0  0 
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Table 3.2 Mean abundance of different prey taxa in the diet of Leptatherina wallacei from upper 
and lower catchment sites in each season, and cumulative percentage of dissimilarity between 
these site explained by these taxa (calculated from one-way SIMPER analyses, because of 
significant interaction between catchment and season). Taxa are arranged in order of decreasing 
contribution to dissimilarity, and taxa which contributed less than 1% to the cumulative 
percentage of dissimilarity have been omitted. 
 
Prey type  Mean abundance Cumulative % dissimilarity
  Upper catchment Lower catchment  
Dry season 
 
    
Trichoptera larvae 
 
0.02  0.54 28.9 
Diptera larvae 
 
0.35  0.11 49.2 
Amphipoda 
 
0.21  0 60.3 
Ostracoda 
 
0.17  0 69.1 
Hymenoptera 
 
0  0.12 75.3 
Diptera adults 
 
0.06  0.02 81.3 
Coleoptera adults 
 
0.06  0 86.9 
Cladocera 
 
0.02  0.01 90.3 
Wet season 
 
    
Diptera larvae 
 
0.39  0.41 29.0 
Amphipoda 
 
0.26  0 45.2 
Copepoda 
 
0.24  0.06 61.4 
Trichoptera larvae 
 
0  0.26 77.4 
Trichoptera adults 
 
0  0.19 89.2 
Diptera adults 
 
0.03  0.04 93.6 
 
Ostracoda  0.05  0 96.6 
 
Cladocera  0.01  0.02 98.5 
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3.3.6 Parasite fauna 
Four species of endoparasitic helminths (three nematodes and a trematode) were found in L. 
wallacei, with an overall prevalence of parasitic infection (i.e. infection with any species of 
parasite) of 0.06 (n = 333). All of the helminth parasites were larvae. Of the nematodes, a species 
of Eustrongylides (possibly E. gadopsis, Chapter 2) was found in the abdominal cavity, a species 
of Contracaecum was found in the abdominal cavity, liver and ovaries and a third, unidentified 
species of nematode was found in the gastrointestinal tract. Metacercariae of Diplostomum sp. 
(possibly D. galaxiae, Chapter 2) were found in the skin and internal organs. 
 
Significantly more fish were infected with parasites in lower catchment sites than in upper 
catchment sites (overall prevalence of infection of 0.14 compared to 0.03, Fisher exact test, p < 
0.001). The prevalence and mean intensity of infection with each parasite species in upper and 
lower catchment sites is shown in Table 3.3. There were no significant differences in mean 
intensity between upper and lower catchment for any species, but prevalences of Contracaecum 
sp. and the unknown species of nematode were significantly greater in fish from lower catchment 
sites than in fish from upper catchment sites (Table 3.3; Fisher exact test, p < 0.01 for both 
parasite species). 
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Table 3.3 Prevalence and mean intensities of infection (with 95% confidence intervals in 
parentheses) of parasite species found in Leptatherina wallacei sampled from sites in the upper 
catchment and lower catchment of the Blackwood River.  
 
Parasite species  Upper catchment  Lower catchment 
 Prevalence  Intensity  Prevalence  Intensity 
Eustrongylides sp.  0.013 
(0.004-0.038) 
 
1 0.020 
(0.004-0.073) 
1 
Contracaecum sp.  0.009 
(0.002-0.031) 
 
1 0.070 
(0.033-0.139) 
3.71 
(1-9.00) 
Unknown nematode sp.  0.004 
(0.001-0.025) 
 
1 0.050 
(0.020-0.113) 
3 
(1.4-5.8) 
Diplostomum sp.  -  -  0.030 
(0.008-0.084) 
1 
 
3.4 Discussion 
 
3.4.1 Distribution of Leptatherina wallacei  
The current study found that L. wallacei was most abundant throughout the salinised upper 
catchment of the Blackwood River, occurred at lower abundance in the main channel of the 
lower catchment, but was absent from lower catchment tributaries. The same distribution of the 
species has been previously reported in the Blackwood River and other salinised rivers in the 
south-west of Western Australia (Morgan et al. 1998, 2003; Beatty et al. 2008). It has been 
hypothesised that the reversal of the typical longitudinal salinity gradient in many rivers in the 
south-west (i.e. increasing salinity with increasing distance from the ocean) has facilitated the 
upstream movement of estuarine fishes, such as L. wallacei, where they replace salt-sensitive 
freshwater fishes (Morgan et al. 2003). Although L. wallacei is sympatric with six native and 
two introduced freshwater fish species in the lower catchment of the Blackwood River, the only 77 
 
other species found in the upper catchment are the native freshwater species Galaxias 
occidentalis, the native estuarine Pseudogobius olorum and the introduced freshwater species 
Gambusia holbrooki. 
 
Leptatherina wallacei is widely distributed in the south of Western Australia (Morgan et al. 
1998). It is absent from marine environments and has historically been most often associated 
with upper estuaries, extending into upstream regions of associated rivers (Prince et al. 1982; 
Prince & Potter 1983; Valesini et al. 1997; Morgan et al. 1998). Prince et al. (1982) concluded 
that, although L. wallacei is euryhaline in Western Australia, with the capacity to osmoregulate 
in saltwater, it has a preference for reduced salinities, compared to other members of the family. 
Although the precise salinity tolerance of L. wallacei has not been investigated, there is some 
information on upper and lower tolerance levels. Thompson & Withers (1992) found that L. 
wallacei could survive in salinities of up to 85 ppt for a minimum period of seven days in the 
laboratory, while in the field Morgan et al. (1998, 2003) have found L. wallacei at salinities from 
<1 ppt up to 38 ppt and Beatty et al. (2008) reported spawning at salinities between 1-2 ppt. 
There is a need for experimental studies on the salinity tolerance of L. wallacei, so that the 
effects of salinity can be separated from other environmental variables that are correlated with 
salinity in the field. 
 
3.4.2 Life- cycle of Leptatherina wallacei  
The life-cycle of L. wallacei in the Blackwood River could be most clearly determined in the 
upper catchment, where large numbers of fish were captured throughout the year. It appears that 
in the upper catchment, L. wallacei typically survives for one year, with spawning followed by 78 
 
mortality of adults. However, the presence of a few fish with significantly greater lengths than 
0+ cohorts indicates that some fish can survive into a second year of life. In one unusual case I 
captured a fish which was substantially larger and heavier (TL 90 mm and TW 3.88 g) than those 
typically captured, suggesting survival for up to three years. This was confirmed subsequently by 
the finding of three zones on its otolith. The typical annual life-cycle and spring spawning of L. 
wallacei in the upper catchment of the Blackwood River is consistent with that reported for an 
estuarine population in the Swan-Avon river system by Prince & Potter (1983). The life-cycles 
of three other species of Atherinidae (Atherinosoma presbyteroides, Atherinosoma elongata and 
Allanetta mugiloides) in the Swan-Avon River system were also investigated by Prince & Potter 
(1983) and they found that all of these species typically have a one year life-cycle, as is also 
common for many Northern Hemisphere atherinids (e.g. Nelson 1968; Davis & Louder 1969; 
Henderson & Bamber 1987; Huber & Bengtson 1999).  
 
In the lower catchment of the Blackwood River, L. wallacei was less abundant than in the upper 
catchment, and appeared to have a delayed spawning period, although still an annual life-cycle. 
Fish appeared to spawn in early summer, followed by mortality of adults, with new recruits 
appearing in late summer. The small size and slow growth of this new generation may explain 
their absence from many samples throughout the winter and spring. Although there have been no 
previous comparative studies of different populations of L. wallacei, other atherinids have been 
shown to have phenotypically plastic reproductive strategies, presumably as an adaptation to the 
variable environmental conditions experienced in estuaries (Henderson & Bamber 1987; Huber 
& Bengtson 1999) 
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The atypical life-cycle of L. wallacei in the lower catchment of the Blackwood River, compared 
to upper catchment and estuarine populations, may be due to a number of causes. First, the lower 
salinities in this part of the river may place the fish under physiological stress. This seems 
unlikely, however, because fish from lower catchment sites appeared to be in better condition 
(were significantly heavier) than fish from upper catchment sites; stressful environments would 
be expected to produce fish of small stature or poor condition because energy goes first into 
reproductive effort in fishes with annual life cycles (Henderson & Bamber 1987). In addition, 
there was no evidence of fluctuating asymmetry in fish from the lower catchment. Fluctuating 
asymmetry is often used as a measure of developmental instability in fishes and other organisms, 
reflecting the inability of individuals to maintain homeostasis when faced with environmental 
stresses during development (Somarakis et al. 1997; Panfili et al. 2005; Almeida et al. 2008). 
Second, even if fish are not under physiological stress, there may be differences in environmental 
requirements for spawning between upper and lower catchment populations. For example (in 
addition to salinity) water temperatures, dietary items and rates of parasitism also differ between 
upper and lower catchments and these differences may impact on gonadal development rates 
(Pollard 1974; Morgan 2003).  
 
3.4.3 Diet and parasitism of Leptatherina wallacei  
Leptatherina wallacei tends to be an opportunistic feeder ingesting prey which generally occur in 
midwater and near the benthic zone (Humphries 1993). This study found L. wallacei to consume 
some detrital matter, but to heavily rely on a range of invertebrates (Trichoptera, Diptera, 
Amphipoda, Copepoda, Ostracoda, Trichoptera, Arachnida, Cladocera, Ephemeroptera, 
Coleoptera and Hymenoptera). This mirrors previous research on the diet of many different 80 
 
atherinid species, including L. wallacei, in the south-west of Western Australia, showing that 
they consume benthic crustaceans, polychaetes, planktonic crustaceans and small amounts of 
detritus and plant material (Prince et al. 1982).   
 
The diet of fish populations in both upper and lower catchments was similar in terms of the 
consumption of dipteran larvae. Regardless of the season and location, dipteran larvae made 
important contributions in terms of number and volume to the diet. Despite the preponderance of 
dipteran larvae in the diet of all populations of fish in the Blackwood River, there were also 
important differences in diet between fish from upper catchment and lower catchment sites. 
Trichopteran larvae and adults were major contributors to the diets of fish from the lower 
catchment, but not to the diets of fish from upper catchment. By contrast, fish from the upper 
catchment had a much greater proportion of crustaceans, particularly amphipods, ostracods, and 
copepods, in their diet than did fish from the lower catchment. These differences most likely 
reflect differences in the invertebrate composition in different parts of the river, because of 
differences among invertebrate groups in salinity tolerance. Trichopterans, for example, are very 
salt-sensitive (Hart et al. 1991), and Bunn & Davies (1992) recorded a shift from insect 
dominated to crustacean dominated aquatic fauna in the river systems of south-western Australia 
as salinity increased. Hart et al. (1991) described crustaceans as the most salt-tolerant of the 
Australian aquatic macroinvertebrates.  
 
In this study three species of parasitic nematode (Contracaecum sp., Eustrongyloides sp. and an 
unidentified species) and one species of trematode (Diplostomum sp.) were found in L. wallacei 
populations in the Blackwood River. All of these parasites were present as larval stages, and use 81 
 
fishes as intermediate hosts in their life-cycle. The most prevalent parasite was Contracaecum 
sp. Species of Contracaecum have been previously reported in both estuarine and freshwater 
fishes in the south-west of Western Australia (Lymbery et al. 2002; Chapman et al. 2006b; 
Chapter 2). In the current study, many internal organs were infected with Contracaecum, 
principally the liver, but also the ovaries, which may cause infertility in the host. 
 
Infections with Contracaecum and with the unidentified species of nematode were much more 
prevalent in fish from the lower catchment than in fish from the upper catchment. This may 
reflect differences in the survival of free-living parasite stages, differences in the abundance of 
hosts or differences in transmission efficiency to hosts in different parts of the river. Without 
knowing the details of the life-cycle of the parasites it is difficult to distinguish between these 
possibilities. Species of Contracaecum typically use invertebrates as a first intermediate host, 
fishes as a second intermediate host and piscivorous birds as a definitive host (Lymbery et al. 
2002). Previous studies have found that piscivorous birds are less abundant in salinised rivers 
(Halse et al. 2003), and this may account for reduced rates of parasitism in the upper catchment 
sites. However, no differences were found in the prevalence of Contracaecum sp. between 
catchments in G. occidentalis (Chapter 2) or P. olorum (Chapter 3), so it is more likely that the 
difference found for L. wallacei reflects a component of transmission efficiency that is peculiar 
to this species, such as a reduced consumption of the intermediate host(s) by L. wallacei 
populations in the upper catchment. 
 
Parasite populations are often adversely affected by human-induced environmental changes such 
as salinisation (Tinsley 2005; Lymbery et al. 2010), and the present study appears to reinforce 82 
 
this view. Rates of parasitism may therefore be used as a bioindicator of environmental changes 
(Marcogliese 2004). In the Blackwood River, salinisation of the upper catchment may have 
disrupted the life-cycle of at least two species of nematode parasites infecting L. wallacei.   
 
3.5 Conclusions 
 
Secondary salinisation is a growing problem in the south-west of Western Australian and an 
increasing number of studies suggest that it is the greatest threat for the endemic freshwater fish 
species in this area (Morgan et al. 2003; Beatty et al. 2008). However, it is not catastrophic for 
all fish species. In the case of L. wallacei, which is an estuarine species, it seems that increasing 
salinity in the head waters of the Blackwood River have facilitated further inland penetration. It 
is now the second most abundant fish in the upper catchment of the Blackwood River and the 
third most abundant in the main channel of the lower catchment. Furthermore, it appears that 
increasing salinisation may improve the prospects for survival and spread of L. wallacei in the 
Blackwood River, because the life-cycle and diet of upper catchment populations are more 
similar to those of estuarine populations than are the life-cycle and diet of lower catchment 
populations. In addition, populations of L. wallacei in the upper catchment have reduced rates of 
parasitism, possibly because of the effects of salinisation on other parasite hosts. 
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CHAPTER 4 
 
Ecological response of an estuarine gobiid, Pseudogobius olorum (Sauvage, 
1880), to secondary salinisation 
 
 
 
4.1 Introduction 
  
The Gobiidae is a diverse group of teleosts, comprising over 270 genera and 2,000 species 
(Hoese 1994) and gobies have a worldwide distribution in marine, estuarine and freshwater 
habitats (Whitfield 1999; Allen et al. 2002; Keith 2003; Nelson 2006). Although gobies are 
primarily benthic fish of shallow marine habitats including tidal pools, coral reefs and seagrass 
meadows, they are also often abundant in the lower reaches of rivers, estuaries, mangrove 84 
 
swamps and salt marshes (Allen et al. 2002; Hoeksema & Potter 2006; Nelson 2006). Gobies are 
also found in freshwaters, particularly on oceanic islands (McDowall 2003, 2004; Nelson 2006). 
Although many freshwater gobies are amphidromous and spawn in the ocean (Keith 2003; 
McDowell 2004) some species, such as the Australian desert goby (Chamydogobius eremius) 
(Miller 1987) are fully adapted to freshwater environments. 
 
Pseudogobius olorum is a small goby (maximum total length < 70 mm) which is found in 
estuaries, rivers, and freshwater and saline lakes and pools throughout the south-west of Western 
Australia, South Australia and Victoria (Gill et al. 1996; Morgan et al. 1998; Allen et al. 2002). 
In Western Australia, the range of the species extends from the Murchison River in the north to 
Poison Creek in the south-east (Figure 4.1) (Morgan et al. 1998, 2006). Although it is usually 
associated with coastal water bodies in this region, it also penetrates further inland in certain 
river systems, such as the Hay, Warren, Kalgan and Blackwood Rivers (see Figure 4.1) (Morgan 
et al. 1998). As with another estuarine fish species in the region, Leptatherina wallacei (see 
Chapter 3), this inland penetration is believed to be associated with secondary salinisation of 
south-western Australian rivers, caused by land clearing, particularly in the upper catchments 
(Morgan et al. 2003). 
 
Gill & Potter (1993) found that in the Swan River Estuary in Western Australia, P. olorum is 
largely confined to the upper estuary and the saline reaches of the river discharging into the 
estuary. This environment is subject to large seasonal changes in water parameters, such as 
salinity and temperature, and in aquatic communities, and this environmental variability is 
reflected by flexibility in the life history and dietary requirements of P. olorum. At different 85 
 
times of the year, for example, the diet of P. olorum in the Swan River Estuary is dominated by 
either algae or bacterial/fungal mats, or by animal material (Gill & Potter 1993). In contrast to 
most other short-lived estuarine species in Western Australia, and many other temperate species 
of gobies, the Swan River Estuary population of P. olorum has two spawning periods per year, in 
spring and in late summer/autumn (Gill et al. 1996). Spawning also occurs over a very wide 
range of salinities, from 0.5-30 ppt (Gill et al. 1996). 
 
 
Figure 4.1 The distribution of Pseudogobius olorum in the south-western corner of Australia 
(data from Morgan et al. 1998, 2006; Morgan & Beatty unpublished). Filled circles are capture 
sites. 
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In the non-tidal reaches of the Blackwood River in south-western Australia, which in recent 
years have become heavily salinised, the first record of P. olorum was by Morgan et al. (1998). 
An extensive survey by Morgan et al. (2003) found that the species was widely distributed in the 
salinised upper catchment and the main channel of the lower catchment, although it was absent 
from fresh tributaries running through forested portions of the lower catchment. The recent 
colonisation of this river system provided the opportunity to examine, for the first time, the 
ecology of P. olorum in a riverine environment, as opposed to an estuarine environment where 
almost all ecological data about this fish species has been gained (Neira et al. 1992; Humphries 
& Potter 1993; Gill et al. 1996). In this chapter, the morphology, age distribution, reproduction 
and parasitic infections of P. olorum populations from both the salinised upper and 
comparatively fresh lower catchments of the Blackwood River, were examined and compared to 
published data for the species from the Swan River Estuary. 
 
4.2 Materials and Methods 
 
The sampling protocol, measurement of environmental parameters, fish sampling, measurement 
of size, morphology, age, reproductive status, diet, fluctuating asymmetry and parasitism, and 
data analysis all followed the procedures described in Chapter 2 (sections 2.2.1-2.7), except that 
fluctuating asymmetry values were not calculated from pelvic fins, as they are fused in P. 
olorum. 
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4.3 Results 
 
4.3.1 Environmental variables and fish distribution 
Salinity, water temperatures and pH were all greatest in upper catchment sites and lowest in 
tributary sites, while dissolved oxygen levels were relatively high in all sites throughout the 
sampling period (see Figure 2.7, Chapter 2). 
 
Pseudogobius olorum was found in both upper catchment and lower catchment sites, but not in 
tributary sites. Over all sampling sites and times, P. olorum was the fourth most abundant fish 
species found in the upper catchment, although it made up less than 1% of the total fish catch 
(Chapter 2, Figure 2.9). Far fewer fish were found in the lower catchment, where it was the sixth 
most abundant species (Chapter 2, Figure 2.9). There appeared to be a positive relationship 
between the presence of P. olorum and water salinity. In the upper catchment it was most 
prevalent at a site with a consistently high salinity throughout the year (7-31 ppt), while in the 
lower catchment it was found in numbers only at the most saline site (salinity range 3-6 ppt).  
 
4.3.2 Sex ratio, size, age and growth rate 
The TL of all collected fish ranged from 10 to 65 mm (Figure 4.2). From otolith zones, two 
different age classes were found in the study. Over all sites and sampling dates, 98% of captured 
fish belonged to the 0+ age class and 2% to 1+. The sex ratio was female-biased, 1.4 female:1 
male (n = 163), with no significant differences among catchments (Fisher exact test, p = 0.31).  
There was a strong positive relationship between TL and weight for both female and male fish 
(Figure 4.3). Fish TL was significantly affected by sex (two-factor analysis of variance, F1,159 = 88 
 
8.89, p = 0.004) and by the interaction of sex and catchment (F1,159 = 5.15, p = 0.02), but not by 
catchment. Female fish were significantly longer (LSM TL = 40.8 ± 0.8 mm compared to 36.4 ± 
1.2 mm) than males and this difference was greater in the lower catchment. Weight, with TL as a 
covariate, was not significantly affected by sex, catchment or their interaction.  
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Figure 4.2 Length-frequency distributions for all Pseudogobius olorum examined in this study 
(n = 163). 
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Figure 4.3 Relationship between total length and weight for (a) female and (b) male 
Pseudogobius olorum examined in this study. Curves were fitted using JMP v4 (SAS Institute, 
Cary, NC). 90 
 
 
The length-frequency distributions of fish samples throughout the year are shown in Figure 
4.4a,b. Seasonal and sporadic presence of the fish among the samples in both upper catchment 
and lower catchment sites prevented full description of the life history of P. olorum. In upper 
catchment sites, late summer to early autumn was the only period where considerable numbers of 
P. olorum were present. All of the fish captured were mature with a maximum size of 62 mm TL 
and a modal class of 35-40 mm TL (Figure 4.4a). The species then disappeared from the upper 
catchment in winter and spring, although a single fish with total length of 20 mm was captured in 
mid-spring, suggesting that spawning may have occurred in early spring (Figure 4.4a). 
 
A similarly sporadic pattern in fish abundance was recorded in the lower catchment. The largest 
fish captured in this part of the river was 63 mm TL (Figure 4.4b). Considerable numbers of P. 
olorum were present in November and February, whereas in other months this species was 
infrequently encountered. In February, fish ranged in size from 10-45 mm TL, although the 
dominant size class was 10-15 mm. Individual fish captured in July and August were all mature 
and over 60 mm TL. In November, fish ranged in size from 20-45 mm TL. These data may 
indicate a single, extended spawning period over summer in the lower catchment, although 
sample sizes were low and more data need to be collected to confirm this. 
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Figure 4.4a Length frequency histograms of male and female Pseudogobius olorum from the 
upper catchment of the Blackwood River. 92 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4b Length frequency histograms of male and female Pseudogobius olorum from the 
lower catchment of the Blackwood River. 
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4.3.3 Reproduction 
The lack of regular monthly fish samples made it impossible to follow the trend of gonadal 
development in P. olorum. In the upper catchment, most fish were captured in autumn and the 
gonads were developing, while in the lower catchment, most fish were captured in summer and 
their gonads were recorded as spent or spawning (Figure 4.5). 
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Figure 4.5 Pseudogobius olorum gonadal development (males and females combined) in 
(a) the upper catchment in autumn and (b) the lower catchment in summer. 94 
 
4.3.4 Fish diets 
The gut contents of P. olorum populations from both the upper and lower catchment were 
compared during the dry season when most fish were captured (Table 4.1). A much lower 
diversity of invertebrate taxa was consumed by P. olorum than was found for the other salt 
tolerant fish species in the Blackwood River (see Chapters 2, 3, 5). The main components of the 
diet in both populations were benthic invertebrates (mainly crustaceans and dipteran larvae) and 
detritus. There was a significant difference in the diets of fish from upper and lower catchment 
sites (ANOSIM, R = 0.36, P < 0.001). SIMPER analysis showed that over 90% of this difference 
was due to greater consumption of copepods in the lower catchment and greater consumption of 
dipteran larvae, ostracods and aquatic plants in the upper catchment (Table 4.2).  
 
4.3.5 Fluctuating asymmetry 
A total of 80 fish were measured for fin and otolith traits. All traits were variable, with ranges of 
11-12 for pectoral fin ray number, 5-6 for pelvic fin ray number, 1-1.6 mm for otolith length, 
0.8-1.2 mm for otolith width, 2-2.8 mm for otolith perimeter and 1.8-2.4 mm
2 for otolith area. 
The distributions of all signed right-left difference values for fin and otolith traits were not 
significantly skewed or platykurtic, indicating that they were not directionally symmetric or anti-
symmetric. Fluctuating asymmetry values were therefore calculated for all traits and in no case 
were FA values significantly correlated with trait size. There were no significant differences in 
FA for any trait between sexes, between adult and juvenile fish, between fish infected and not 
infected with parasites (see below), between fish sampled in wet and dry seasons or between fish 
from upper catchment and lower catchment sites. 95 
 
Table 4.1 Proportional contribution (by volume) of different prey taxa in the diet of 
Pseudogobius olorum from upper and lower catchment sites in the Blackwood River during the 
dry season. 
 
Prey type  Upper catchment  Lower catchment 
Copepoda 
 
0.05 0.69 
Diptera larvae 
 
0.24 0.23 
Plant material 
 
0.33 0.02 
Ostracoda 
 
0.27 0 
Trichoptera larvae 
 
0.06 0 
Amphipoda 
 
0.05 0 
Ephemeroptera 
 
0 0.03 
Coleoptera larvae 
 
0 0.02 
Diptera adults  0  0.01 
 
Table 4.2 Mean abundance of different prey taxa in the diet of Pseudogobius olorum from upper 
and lower catchment sites in the dry season, and cumulative percentage of dissimilarity between 
these site explained by these taxa (from one-way SIMPER analysis). Taxa are arranged in order 
of decreasing contribution to dissimilarity, and taxa which contributed less than 1% to the 
cumulative percentage of dissimilarity have been omitted. 
 
Prey type  Mean abundance Cumulative % dissimilarity
  Upper catchment Lower catchment  
Copeopoda 
 
0.05  0.69 36.7 
Diptera larvae 
 
0.24  0.23 56.9 
Plant material 
 
0.33  0.02 75.6 
Ostracoda 
 
0.27  0 90.6 
Trichoptera larvae 
 
0.06  0 94.1 
Amphipoda  0.05  0 96.8 96 
 
4.3.6 Parasite fauna 
The larval stages of the nematode Contracaecum sp. and the cestode Ligula intestinalis, and 
metacercariae of the trematode Diplostomum sp. were found in P. olorum, with an overall 
prevalence of parasitic infection (i.e. infection with any species of parasite) of 0.077 (n = 114). In 
all cases, infected fish contained only a single parasite. Ligula intestinalis and Diplostomum sp. 
were found in only one fish each, in both cases captured in the lower catchment (prevalence = 
0.021, 95% CI 0.001-0.111). Contracaecum sp. was found at a prevalence of 0.083 (95% CI 
0.029-0.196) in the lower catchment and 0.061 (95% CI 0.021-0.149) in the upper catchment (no 
significant difference in prevalence between catchments, Fisher exact test, P = 0.72). 
 
4.4 Discussion 
 
4.4.1 Distribution of Pseudogobius olorum 
In the current study, P. olorum contributed 2%, 1% and 0% of total fish captures in upper 
catchment, lower catchment and tributary sites of the Blackwood River, respectively. As well as 
being present in low numbers, the occurrence of P. olorum was seasonal and sporadic in this 
study, as was also found by Beatty et al. (2006). Morgan et al. (2003) also found that P. olorum 
made up only a small proportion (2%) of fish captures in the Blackwood River and that 
freshwater tributaries were free of P. olorum. The absence of the species from freshwater 
tributaries suggests that it is salinisation of the upper reaches of the river that facilitates further 
inland penetration of P. olorum (Morgan et al. 2003; Beatty et al. 2006), although this needs to 
be confirmed by experimental studies which separate the effects of salinity from other, correlated 
environmental variables.  97 
 
 
In contrast to the findings of the current study in the Blackwood River, P. olorum, like other 
members of the Gobioidei, is often amongst the most abundant teleost in estuarine environments 
in south-western Australia, western Victoria and South Australia (Neira et al. 1992; Humphries 
& Potter 1993; Gill et al. 1996; McDowall 1996; Potter & Hyndes 1999). Pseudogobius olorum 
was recorded as the most abundant fish species in the Swan River Estuary, making up 53% of the 
total catch numerically (Neira et al. 1992). This again is indicative of the recent incursion of the 
species into inland waters, where its presence may be adversely affected by hydrological and 
biological changes in the system.  
 
4.4.2 Differences in the biology of Pseudogobius olorum in the upper and lower catchments  
The inability to obtain consistent monthly samples of P. olorum from the Blackwood River 
makes it very difficult to get a clear picture of the life history of this species in the river. Despite 
this, some tentative conclusions can be drawn from current study. In terms of life span, previous 
studies have found that P. olorum generally survives for a relatively short period of time (5-7 
months), although some individuals can live for a whole year (Gill et al. 1996; Morgan et al. 
1998). In the current study, I found that, while most captured fish in both upper and lower 
catchments were between 40-45 mm TL, a few larger fish were over 60 mm TL. Presumably, 
these larger fish were those which survived over winter and had a life span of around one year.  
 
In contrast to most other short-lived estuarine species in Western Australia (Prince & Potter 
1983), and many other temperate species of gobies (e.g. Hesthagan 1977; Claridge et al. 1985; 
Moreira et al. 1991), the Swan River Estuary population of P. olorum has two spawning periods 98 
 
per year, in spring and in late summer/autumn (Gill et al. 1996). This also appears to be the case 
in upper catchment sites of the Blackwood River in the current study. Adult fish with mature 
gonads were found in upper catchment sites during October and November, suggesting a spring 
spawning, and again in March, when the gonads of larger fish were spent, suggesting a late 
summer spawning. Fish in lower catchment sites, however, appeared to have a single spawning 
period in mid-summer; in spring the gonads of adult fish were still developing and by late 
summer they were all spent, with a large number of new recruits in the population. This 
dissimilarity in the spawning pattern of the fish in different parts of the river may be related to 
differences in salinity. Neira et al. (1992) found very few larvae of P. olorum in the lower 
reaches, compared to the upper reaches of the Swan River Estuary, suggesting that the 
reproductive success of the species may be influenced by salinity, although separating the effects 
of salinity from other environmental variables, such as pH and temperature, which may also 
affect spawning success, will require experimental studies (Halse 1981; Gill et al. 1996). 
 
In addition to life history differences, there were also differences in diet between fish in upper 
catchment and lower catchment sites. In the estuarine environment, P. olorum feeds mainly in 
the benthos and the diet has been found to contain detritus, amphipods, mollusc siphons, 
capitellid polychaetes, diatoms and ostracods (Humphries & Potter 1993). The benthic nature of 
the diet was confirmed in the present study, being largely restricted to benthic-dwelling 
invertebrates and also containing substantial amounts of detritus. The diversity of the diet in 
Blackwood River populations of P. olorum, however, was much more restricted than found by 
previous studies in the Swan River Estuary (Gill & Potter 1993; Humphries & Potter 1993). The 
main difference in the diet of fish from upper and lower catchment sites was the greater 99 
 
proportion of plant material and ostracods in fish from the upper catchment, and the greater 
proportion of copepods in fish from the lower catchment. This may reflect a difference in 
invertebrate community composition in different parts of the river, rather than a difference in 
dietary preference. Previous studies have found that P. olorum has a flexible dietary strategy 
(Gill & Potter 1993). 
 
Pseudogobius olorum from the Blackwood River had a relatively high rate of parasite infection 
(7.7%) compared to the other salt tolerant fish species (Galaxias occidentalis,  Gambusia 
holbrooki and L. wallacei) examined in the current study. Three species of parasites were found; 
the cestode Ligula intestinalis, the nematode Contracaecum sp. and the trematode Diplostomum 
sp. For Contracaecum sp., the only parasite found in more than a single fish, there was no 
evidence of differences in rates of infection between upper and lower catchment sites, as was 
found for L. wallacei (Chapter 3). The finding of a single fish infected with plerocercoids of L. 
intestinalis is significant because it extends both the host record and geographic range of this 
introduced cestode in Western Australia. The first record of this parasite in Western Australia 
was by Morgan (2003) in the Goodga River on the south coast of Western Australia. Ligula 
intestinalis is a Northern Hemisphere cestode that can cause severe disfigurement, reduced 
fertility and often death in its host (Pollard 1974; Morgan 2003). 
 
4.5 Conclusions 
 
The extension of the range of P. olorum into inland areas of Western Australia appears to be 
associated with the secondary salinisation of rivers such as the Blackwood. In this study, the 100 
 
limited distribution (sporadic and seasonal) of the species throughout the Blackwood River, the 
low diversity of invertebrate fauna in its diet and the high rate of parasitic infection, compared 
with populations in estuarine environments, may be indicators of relatively recent colonisation of 
the riverine environment.  101 
 
CHAPTER 5 
 
Ecological response of an introduced freshwater fish, Gambusia holbrooki 
(Girard, 1859), to secondary salinisation 
 
 
 
5.1 Introduction 
 
Introduced fishes may directly impact native fishes by competition for resources, predation, 
interference with reproduction and the exchange of parasites and pathogens (Arthington 1991; 
Kennard et al. 2005). Moreover, they may also impact native fishes indirectly by altering habitat 
conditions and ecosystem processes such as productivity and food web attributes (Kennard et al. 
2005). The genus Gambusia is a group of small poeciliids which are native to the southern USA 102 
 
and central America (Lloyd & Tomasov 1985). There are around 30 species in the genus (Lloyd 
& Tomasov 1985) among which Gambusia holbrooki (mosquitofish) has the widest distribution 
of any species of freshwater fish in the world (Krumholz 1948). This is largely because from the 
1920s G. holbrooki was introduced to many different parts of the world as a biological agent in 
mosquito-control programs (Krumholz 1948). 
 
Gambusia holbrooki was introduced to eastern Australia in 1925 (Myers 1965) and is now 
widespread in inland and coastal drainage systems throughout mainland Australia (Lloyd et al. 
1981; McDowell 1996; Allen et al. 2002). Although Tasmania was once believed to be free from 
G. holbrooki, the first population of this species was found in the north of Tasmania in 
November 2000 (Keane & Neira 2004). The species was first introduced into Western Australia 
in 1934 and it is now widespread throughout the south-west and southern Pilbara, and a 
population has also been recorded from an isolated area in the Kimberley (Figure 5.1) (Mees 
1977; Lloyd & Tomasov 1985; Morgan et al. 1998, 2004). Morgan et al. (1998) reported G. 
holbrooki in many rivers in the south-west of Western Australia, including the Collie, Capel, 
Ludlow, Abba, Carbanup, Margaret, Blackwood, Scott, Donnelly, Warren, Gardner, Shannon, 
Frankland, Kent, Hay, King and Kalgan Rivers. When present, G. holbrooki is usually very 
abundant and often dominates the fish fauna of these rivers (Morgan et al. 1998, 2004).  
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Figure 5.1 The distribution of Gambusia holbrooki in the south-western corner of 
Australia (data from Morgan et al. 1998, 2006). Filled circles are capture sites, clear circles 
are sampling sites where fish were not captured. 
 
Throughout the world, approximately 35 native fish species are reported to have been reduced in 
abundance or range due to the introduction of species of Gambusia (Arthington & McKenzie 
1997). In Australia, G. holbrooki has been implicated in the decline of many native fish and 
amphibian species, although the evidence is mostly circumstantial (Arthington & McKenzie 
1997; Gill et al. 1999; Keller & Brown 2008). A number of studies have shown substantial niche 
overlap in food and space requirements between G. holbrooki and native fish species (Pen & 
Potter 1991c; Pen et al. 1993; Arthington & McKenzie 1997), as well as aggressive behaviour 
such as fin-nipping directed by G. holbrooki towards native fishes (Arthington & McKenzie 
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1997; Gill et al. 1999; Warburton & Madden 2003). Nevertheless, there are also many examples 
of long-established coexistence between G. holbrooki and native fish species, and this may be 
facilitated by differences in spawning times, which limits the opportunity for predation on eggs 
and juveniles (Pen & Potter 1991c), large, annual winter mortalities of G. holbrooki in temperate 
streams, which reduces population density (Arthington & McKenzie 1997), and evolved or 
learned behavioural responses by native fishes, which minimise niche overlap (Keller & Brown 
2008). 
 
Anthropogenic changes to aquatic ecosystems, such as river regulation, catchment land-use and 
in-stream pollution, may provide conditions suitable for the demographic increase and range 
expansion of introduced fish species, so that introduced fishes may represent both a symptom 
and a cause of declines in river health (Arthington & McKenzie 1997; Kennard et al. 2005). The 
invasive success of G. holbrooki is driven in part by its rapid sexual maturation, flexible life 
history and ability to tolerate a wide range of environmental conditions (Pen & Potter 1991c; 
Morgan et al. 2004; Keller & Brown 2008). In the south-west of Western Australia, where 
secondary salinisation of rivers is a major threat to the highly endemic freshwater fish fauna 
(Morgan et al. 2003), G. holbrooki has been found in waters with salinities greater than 40 ppt 
(Morgan et al. 2004). In many secondarily salinised rivers in the south-west, it is by far the most 
abundant species of fish. In a survey of fishes in the salinised Blackwood River, for example, 
Morgan et al. (2003) found that almost 52% of the total fishes captured were G. holbrooki. 
Furthermore, the relative abundance of G. holbrooki was even greater in the headwaters of the 
upper catchment, which are the most salinised parts of the river (Morgan et al. 2003). 
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Although G. holbrooki tolerates a wide range of salinities, studies in the USA and Europe have 
shown that this species, along with the closely related G. affinis, exhibits changes in life history 
traits along salinity gradients, with increased reproductive investment at higher salinities (Stearns 
& Sage 1980; Brown-Peterson & Peterson 1990; Alcaraz & Garcia-Berthou 2007). If such 
changes in life history and other ecological traits occur in response to salinisation in the rivers of 
south-western Australia, they may mediate competitive and predatory interactions between G. 
holbrooki and native fish species and therefore influence the potential for native species to 
coexist with G. holbrooki. This may become increasingly important in the future, with predicted 
increases in salinity in most river systems in the south-west (Mayer et al. 2005). This study 
examined the ecology and life history of G. holbrooki populations throughout the distribution of 
the species in the Blackwood River, in order to infer how secondary salinisation influences 
interactions between G. holbrooki and native fish species in the river.  
 
5.2 Materials and Methods 
 
The sampling protocol, measurement of environmental parameters, fish sampling, measurement 
of size, morphology, age, reproductive status, diet, fluctuating asymmetry and parasitism, and 
data analysis all followed the procedures described in Chapter 2 (sections 2.2.1-2.7), except that 
for dietary analysis foregut contents were used as G. holbrooki lacks a well-defined stomach. 
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5.3 Results 
 
5.3.1 Environmental variables and fish distribution 
Salinity, water temperatures, and pH were all greatest in upper catchment sites and lowest in 
tributary sites, while dissolved oxygen levels were relatively high in all sites throughout the 
sampling period (see Figure 2.7, Chapter 2). 
 
Gambusia holbrooki was by far the most abundant fish species in the upper catchment of the 
Blackwood River, making up 77% of all captured fishes. However, numbers of the species 
dramatically declined in lower catchment sites, where it constituted only 7% of all captured 
fishes in the main channel. Although G. holbrooki was sometimes found at the entrance of 
freshwater tributaries into the main channel, it was never captured within these tributaries 
(Figure 2.9, Chapter 2). Gambusia holbrooki was recorded in a wide range of environmental 
conditions; in salinities ranging from <2 ppt to 31 ppt, in water temperatures from 13 ˚C to 26 ˚C 
and in pH ranging from 7.3 to 9.7. 
 
In upper catchment sites, G. holbrooki coexisted with L. wallacei, P. olorum and G. occidentalis, 
while in the main channel of the lower catchment many more fish species were sympatric with G 
holbrooki (L. wallacei, P. olorum, G. occidentalis, T. bostocki, N. balstoni, B. porosa, G. munda, 
A. suppositus and E. vittata) (see Chapter 2, Figure 2.9). There were no obvious signs of fin 
damage in any native fish species that were found sympatrically with G. holbrooki and therefore 
no evidence that G. holbrooki exhibited aggressive behaviours, such as fin-nipping, toward other 107 
 
species of fish. This was the case even in disconnected pools in the upper catchment in late 
summer and early autumn when densities of surviving fishes were very high. 
 
5.3.2 Sex ratio, size, age and growth rate 
Total length of all fish captured ranged from 10 mm to 60 mm (Figure 5.2). From otolith zones, 
all captured G. holbrooki were classified as 0+. Samples from all sites were dominated by female 
fish, with a sex ratio of 2.1 females: 1 male (n = 558), which did not differ significantly among 
catchments (Fisher exact test, p = 1.00). There was a strong positive relationship between TL and 
weight for both female and male fish (Figure 5.3). The TL of Gambusia holbrooki was 
significantly affected by sex (two factor analysis of variance: F1,554 = 86.42, p < 0.0001) and by 
the interaction of sex and catchment (F1,554 = 5.25, p = 0.03), but not by catchment. Female fish 
were longer than male fish (LSM TL = 38.3 ± 0.7 mm compared to 25.8 ± 1.2 mm), with the 
difference in size between females and males being more pronounced in lower catchment sites. 
Weight, with TL as a covariate, was significantly affected by catchment (F1,553 = 12.76, p = 
0.001), by not be sex or the interaction of sex and catchment. Fish from lower catchment sites 
(LSM weight = 0.59 ± 0.02 g) were heavier than fish from upper catchment sites (LSM weight = 
0.99 ± 0.01 g). 108 
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Figure 5.2 Length-frequency distributions for all Gambusia holbrooki examined in this study (n 
= 558). 
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Figure 5.3 Relationship between total length and weight of (a) female and (b) male Gambusia 
holbrooki captured in this study. Curves were fitted using JMP v4 (SAS Institute, Cary, NC). 
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The length-frequency distributions of fish samples throughout the year were markedly different 
in upper and lower catchment sites (Figure 5.4a,b). In the upper catchment, fish were present in 
large numbers in late summer and autumn when the river flow stopped and a series of 
disconnected pools high in pH (up to 9.5) and salinity (over 30 ppt) remained. From April 
onward, G. holbrooki numbers declined sharply and no fish were captured over winter. Fish then 
reappeared in large numbers in October. October samples consisted of both adult and juvenile 
fish and all captured females were pregnant. New cohorts of juveniles appeared throughout 
summer and by March there was a very even distribution of size classes (Figure 5.4a). Growth 
appeared to be rapid throughout spring and summer, as indicated by the increase in modal size 
by November of the cohort of fish first appearing in October samples (Figure 5.4a). This early 
rapid growth was also directly observed among juvenile fish which were trapped in one of the 
disconnected pools at one upper catchment site. The dominant size class in this pool was 11-15 
mm in February and with their fast growth they dominated the pool in March with a total length 
of 20-25 mm. 
 
In lower catchment sites, G. holbrooki was captured only in February and March, with a sharp 
decline or possibly disappearance fish from this part of the river during the rest of the year 
(Figure 5.4b). The lack of samples throughout most of the year in lower catchment sites makes it 
impossible to get a clear picture of the life-cycle in this part of the river, although, as for the 
upper catchment, both juvenile and adult fish were present over summer (Figure 5.4b).  
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  Figure 5.4b Length-frequency histograms of G. holbrooki in the lower 
catchment of the Blackwood River. 113 
 
5.3.3  Gonadal development and reproduction 
The presence of juvenile fish (<15 mm TL) and pregnant females from October to March in the 
upper catchment suggests that the breeding season of G. holbrooki in the Blackwood River can 
last for a period of at least six months (Figure 5.4a and 5.5). All captured female fish in all sites 
from late October to December were pregnant and of large size (35–50 mm) (Figure 5.6). In 
March, almost 60% of captured females were pregnant and the size composition of pregnant fish 
changed, with an increasing number of fish less than 30 mm in length found in an early stage of 
pregnancy, with reduced numbers of fish in the 35-50 mm size class (with most of these in the 
late stage of pregnancy). The presence of fish in both early and late stages of pregnancy in March 
suggests that the breeding season may go beyond April, possibly to late May.  
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Figure 5.5 Seasonal changes in gonadosomatic index (95% CI) in female (black) 
and male (white) G. holbrooki in upper catchment sites of the Blackwood River. 114 
 
 
 
5.3.4 Fish diets 
The gut contents of G. holbrooki populations in both upper and lower catchments sites were 
compared over summer (Table 5.1). In both locations a wide range of invertebrate taxa were 
consumed, including both terrestrial and aquatic fauna. No fish eggs, larvae or juveniles were 
found in alimentary tracts of G. holbrooki. The most common prey were the insect orders 
Diptera and Hymenoptera and the crustacean orders Amphipoda and Cladocera. There were 
significant differences between the diets of fish from upper and lower catchments in the dry 
season (R = 0.14; P = 0.001). SIMPER analysis found that this difference in diet among fish 
from different catchments was due principally to the presence of significant volumes of dipteran 
larvae and small crustaceans such as amphipods and cladocerans in the diet of fish populations in 
the upper catchment, whereas they were almost completely absent in the diet of fish from the 
 
 
 
 
 
 
Figure 5.6 Monthly trends of pregnancy rate among G. holbrooki populations in the 
Blackwood River upper catchment sites.  
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lower catchment (Table 5.2). The diet of fish from the lower catchment also contained relatively 
greater quantities of adult dipterans and hymenopterans than the diet of fish from the upper 
catchment (Table 5.2). As no fish were captured from the lower catchment in the wet season, 
seasonal differences in diet were only examined in the population from the upper catchment. No 
significant differences in diet were found between seasons (ANOSIM, R = 0.03, p = 0.9). 
 
Table 5.1 Proportional contribution (by volume) of different prey taxa in the diet of Gambusia 
holbrooki from upper and lower catchment sites in the Blackwood River during the dry season. 
 
Prey type  Upper 
catchment 
Lower 
catchment 
Diptera adults  0.12  0.51 
Diptera larvae  0.37  0.05 
Hymenoptera 0.03  0.23 
Amphipoda 0.18  0 
Cladocera 0.11  0 
Coleoptera adults  0.06  0.05 
Isopoda 0.03  0 
Arachnida 0.01  0.06 
Anisoptera 0  0.06 
Trichoptera larvae  0.02  0 
Hemiptera 0.02  0 
Decapoda 0.02  0 
Copepoda 0.02  0 
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Table 5.2 Mean abundance of different prey taxa in the diet of Gambusia holbrooki from upper 
and lower catchment sites in the dry season, and cumulative percentage of dissimilarity between 
these site explained by these taxa (from one-way SIMPER analysis). Taxa are arranged in order 
of decreasing contribution to dissimilarity, and taxa which contributed less than % to the 
cumulative percentage of dissimilarity have been omitted. 
 
Prey type  Mean abundance Cumulative % dissimilarity
  Upper catchment Lower catchment  
Diptera adults 
 
0.12  0.51 27.6 
Diptera larvae 
 
0.37  0.05 48.6 
Hymenoptera 
 
0.03  0.23 62.3 
Amphipoda 
 
0.18  0 72.5 
Cladocera 
 
0.11  0 78.4 
Coleoptera adults 
 
0.06  0.05 83.8 
Arachnida 
 
0.01  0.06 87.9 
Anisoptera 
 
0  0.06 91.4 
Isopoda 
 
0.03  0 93.2 
Copepoda 
 
0.02  0 94.6 
Trichoptera larvae  0.02  0 95.9 
 
5.3.5 Fluctuating asymmetry 
80 fish were measured for fin and otolith traits. All traits were variable, with ranges of 10-12 for 
pectoral fin ray number, 4-6 for pelvic fin ray number, 0.6-1.8 mm for otolith length, 0.6-1.4 mm 
for otolith width, 1.8-2.8 mm for otolith perimeter and 1.4-2.5 mm
2 for otolith area. The 
distributions of all signed right-left difference values for fin ray and otolith traits were not 
significantly skewed or platykurtic, indicating that they were not directionally symmetric or anti-
symmetric. Fluctuating asymmetry values were therefore calculated for all traits and in no case 117 
 
were FA values significantly correlated with trait size. There were no significant differences in 
FA for any trait between sexes or between juvenile and adult fish, nor was there any correlation 
between fish condition and FA for any trait. There were no significant effects of season on FA 
for any trait (compared among fish captured only from the upper catchment) and only one 
significant effect of catchment (compared among fish sampled only in the dry season), with fish 
from lower catchment sites having significantly greater FA for number of pectoral fin rays (one-
way analysis of variance, F1,475 = 30.31, p < 0.05, with the Bonferroni). 
 
5.3.6 Parasite fauna 
Of over 400 fish that were examined for parasites, only three were infected, with an overall 
prevalence of parasitic infection of 0.008, all with the larvae of endoparasitic nematodes. Two 
fish (one male and one female) were infected with Eustrongylides sp. (in each case a single 
worm was present in the abdominal cavity) and one female fish was infected with Contracaecum 
sp., with two worms present in the gonad. All infected fish were from the upper catchment. 
 
5.4 Discussion 
 
5.4.1 Distribution of Gambusia holbrooki  
In this study, the eastern mosquito fish, Gambusia holbrooki, was recorded throughout the upper 
catchment and in the main channel of the lower catchment of the Blackwood River, although it 
was not found in fresh tributaries of the lower catchment. This is largely in accordance with the 
findings of Morgan et al. (2003) and Beatty et al. (2008), who very rarely captured this species 
in freshwater tributaries of the Blackwood River. Gambusia holbrooki dominated the fish fauna 118 
 
of the upper catchment, making up 77% of total fish captures. In the main channel of the lower 
catchment, the species was still present, but numerically much less dominant, making up only 
7% of total fish captures. The relatively low density in the lower catchment may have been due 
to a number of factors, such as greater difficulty in sampling the species in the larger volumes of 
water in this part of the river, a preference for lentic waters rather than the more continuous 
flows present in the lower catchment, which was also noticed by Pen & Potter (1991c) in the 
main channel of the Collie River in Western Australia, and increased competition from the 
greater diversity and density of native fishes in the fresh lower catchment, compared with the 
more saline upper catchment.  
 
In the current study, G. holbrooki was captured in a range of water salinities, varying from <2 
ppt to 31 ppt. According to Alcaraz & Berthou (2007), water salinity is the most important 
environmental variable affecting the life history of this species. Morgan et al. (2003) recorded G. 
holbrooki over a lower range of salinities (3 to 21 ppt) in the Blackwood River, but Morgan et al. 
(2004) found the species in salinities up to 58.2 ppt in other rivers in Western Australia. In its 
native habitat, G. holbrooki is widely distributed in coastal waters in South Florida, where 
variable and high salinities have been recognised as key stressors (Bachman & Rand 2008). 
Other species of Gambusia, for example G. hispaniolae in Jamaica, have been found to tolerate 
salinities up to 70 ppt (Haney & Walsh 2003). There have been no experimental studies of the 
effect of salinity on Western Australian populations of G. holbrooki. 
 
The general lack of fluctuating asymmetry in bilateral traits of G. holbrooki populations in both 
the upper and lower catchment of the Blackwood River suggests that the species was not under 119 
 
physiological stress during development in either high or low salinity regions of the river. It 
should be noted, however, that there is no information on the salinities that were actually 
experienced during development by the fish on which FA was measured, and the better condition 
(greater weight for a given TL) of fish from the lower catchment might indicate an adverse effect 
of greater salinities (or other, correlated environmental factors) in the upper catchment. Utayopas 
(1997) has previously recorded high levels of fluctuating asymmetry among G. holbrooki 
populations in lentic water resources in the south-west of Western Australia, in sites that were 
subject to a complex array of insecticide pollutants and other stressors.  
 
5.4.2 Life-cycle of Gambusia holbrooki  
Unfortunately, the lack of samples of G. holbrooki from the lower catchment over winter and 
spring means that I was unable to compare the life-cycle of populations from the upper and lower 
catchments of the Blackwood River. In the salinised upper catchment, however, reproduction 
data and length-frequency distributions suggest a life-cycle similar to that recorded in other 
rivers in Western Australia. The finding of pregnant female and juvenile fish between October 
and March suggests that G. holbrooki breeds over a period of 6 months, from late spring to early 
autumn, in the Blackwood River. This is a similar duration to that recorded by Pen & Potter 
(1991c) in the Collie River and by Trendall (1981) in populations near Perth, approximately 200 
km further north. Spring breeding fish are likely to have been born in late autumn of the previous 
year and overwintered prior to breeding, as was also recorded by Pen & Potter (1991c) in the 
Collie River.  
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Examination of the length-frequency distribution of fish throughout the year suggests that G. 
holbrooki in the Blackwood River survived for less than a year, as has also been found in other 
populations of Gambusia spp. in the USA and in Australia (Krumholz 1948; Botsford et al. 
1987; Pen & Potter 1991c). Fish which were born in late spring and early summer appeared to 
develop rapidly, breed and die. Offspring of G. holbrooki which bred in late summer and early 
autumn appeared to have the longest life span, as they survived over winter and started breeding 
in spring. The sharp decline in numbers of this size cohort during summer suggests that they died 
soon after breeding. The consistent female bias in the sex ratio of adult fish suggests that females 
had a greater longevity than males, as has been recorded in other populations of G. holbrooki 
(Pen & Potter 1991c; Vargas & de Sostoa 1996; Specziár 2004). 
 
5.4.3 Diet of Gambusia holbrooki in upper and lower catchments  
In the current study, a wide variety of terrestrial and aquatic invertebrates, including species that 
use different levels of the water column, were found in the diet. This suggests that G. holbrooki 
feeds in surface, planktonic and benthic zones. Previous studies in both temperate and tropical 
Australian waters (Arthington 1989; Pen & Potter 1991c) and overseas (Hurlbert et al. 1972; 
Specziár 2004) have also found that Gambusia holbrooki is a generalist microcarnivore. 
Dipterans in larval and adult stages were the main component of the diet in both upper and lower 
catchments of the Blackwood River, although higher concentrations of particular prey items in 
the diet were found in some sites at particular times, underlining the potential of fish to 
selectively concentrate their feeding on locally abundant prey items (Hurlbert et al. 1972; Pen & 
Potter 1991). 
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The main difference in diet between G. holbrooki populations in upper and lower catchments of 
the Blackwood River was due to a much greater abundance of larval dipterans and crustaceans, 
including amphipods, cladocerans, copepods and decapods, in the diet of fish from the upper 
catchment. This probably reflects a difference in invertebrate community composition in 
different parts of the river, rather than a difference in prey preference. Bunn & Davies (1992) 
recorded a shift from insect dominated to crustacean dominated aquatic fauna in the river 
systems of south-western Australia as salinity increased. Hart et al. (1991) described crustaceans 
as the most salt tolerant of the Australian aquatic macroinvertebrates.  
 
5.4.4 Impacts of Gambusia holbrooki on native fish species  
The introduction of G. holbrooki into aquatic systems around the world has long been 
controversial. There is evidence of aggressive predatory or competitive behavior directed 
towards native fish species in Australia and overseas (Howe et al. 1997; Gill et al. 1999; Rincon 
et al. 2002; Morgan et al. 2004). Aggressive interactions have also been recorded between G. 
holbrooki and a range of other aquatic fauna, including the endemic Californian fairy shrimp 
(Linderiella ocidentalis) (Leyse et al. 2004) and a number of frog species in Australia (Morgan 
& Buttemer 1996; Webb & Joss 1997). I found no evidence for either predation by G. holbrooki 
on the eggs or larvae of native fishes or for aggressive behaviour, such as fin-nipping, towards 
adult fishes, even when G. holbrooki and co-existing native species were confined under extreme 
conditions (high salinity, pH, temperature and possibly lack of food) in disconnected pools in 
upper catchment sites of the Blackwood River. This may reflect the limitations of my study 
design, as both fin nipping and predatory behaviour can be difficult to detect in the field (Gill et 
al. 1999; Ivantsoff & Aarn 1999). Nevertheless, Pen & Potter (1991c) also found no direct 122 
 
evidence of aggressive behaviour by G. holbrooki towards three native fish species (Galaxias 
occidentalis,  Edelia vittata and Bostockia porosa) in the Collie River, so direct interactions 
between G. holbrooki and native fishes are likely to be context-dependent.  
 
It is possible that G. holbrooki adversely affects native fish species indirectly, through resource 
competition. The range of prey items found in the diet of G. holbrooki in the Blackwood River 
shows considerable overlap with the diets of many native fish species, such as L. wallacei, with 
both species consuming significant amounts of dipteran larvae and amphipods. The overlap in 
dietary items is also highlighted by the parasite fauna of G. holbrooki. The species of 
Eustrongylides and Contracaecum which were found in G. holbrooki are native species of 
parasites (Lymbery et al. 2010), which have also been found in the native fish species G. 
occidentalis, L. wallacei and P. olorum in the Blackwood River (see Chapters 2, 3 and 4). Both 
of these parasites have complex, indirect life-cycles involving invertebrate first intermediate 
hosts which must be consumed by the fish second intermediate host.  
 
The extent to which predation by G. holbrooki decreases the availability of invertebrate prey 
items for other fish species in the Blackwood River is not known. Hurlbert et al. (1972) 
suggested that the introduction of G. holbrooki into non-native sites may adversely affect the 
aquatic environment by altering invertebrate and phytoplankton communities, because of large 
population sizes of the invader. Certainly G. holbrooki dominates the fish fauna of the upper 
catchment of the Blackwood River throughout late spring, summer and early autumn. This 
numerical dominance arises partly from the rapid development and fecundity of the species, but 
may also be assisted by the paucity of parasitic infections. Compared to co-existing native 123 
 
species of fish (see Chapters 2, 3 and 4), G. holbrooki had both a low diversity of parasites and a 
very low prevalence of infection. This reduced parasite load of exotic species compared to native 
species was also found by Dove (2000) when comparing the parasites of native freshwater fishes 
and exotic poeciliids in eastern Australia, and has been reported across a wide range of taxa 
throughout the world (Torchin et al. 2002, 2003). It is thought to arise due to the combination of 
a bottleneck event in the population of founding hosts and the unsuitability of the new habitat for 
introduced parasites (Kennedy 1994). The parasite release hypothesis proposes that the lower 
parasite load of introduced host species, compared to native species, leads to increased body 
sizes, greater population densities and enhanced competitive ability (Torchin et al. 2002, 2003). 
The extent to which the parasite release hypothesis explains the numerical dominance of G. 
holbrooki in the Blackwood River, and in other river systems in Australia, is not known and is an 
area where further research is needed. 
 
5.5 Conclusions 
Gambusia holbrooki had a well established life-cycle in both the upper catchment and the main 
channel of the lower catchment of the Blackwood River. Its dominance during the warmest 
months of the year, particularly in the upper catchment, once more confirms the potential of this 
fish species to survive in harsh environments, as has been demonstrated in many other parts of 
the world. The further salinisation of the Blackwood River and other river systems in the south-
west of Western Australia may facilitate the continued spread of this salt-tolerant species at the 
expense of native freshwater fishes. Moreover, the similarity in the diets of G. holbrooki and 
native fish species, as shown by dietary analysis and the presence of similar parasite species, 
suggests that resource competition is already occurring. The rapid population growth of G. 124 
 
holbrooki over the summer months in the upper catchment of the Blackwood River may be 
facilitated by a reduced prevalence of parasitic infection, which could enhance the competitive 
ability of the species.       
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Chapter 6 
 
Salinity tolerances of three endemic freshwater fishes, Galaxias occidentalis 
Ogilby, 1900, Edelia vittata Castelnau, 1873 and Nannatherina balstoni Regan, 
1906 from the Blackwood River 
 
 
6.1 Introduction 
 
The Blackwood River is one of the few in the Southwest Coast Drainage Division which 
contains all eight native riverine fish species which are endemic to the south-west of Western 
Australia (Morgan et al. 2003; Beatty et al. 2008). Secondary salinisation of the Blackwood 
River, resulting from land clearing in the upper catchment, appears to have led to a change in 
fish populations throughout the river (see Chapter 2; also Morgan et al. 2003). The only native 126 
 
freshwater fish species now found in both the upper and lower catchments is the western minnow 
Galaxias occidentalis. Other freshwater endemic species are largely restricted to the lower parts 
of the river, while the fish fauna of the upper catchment is dominated by the introduced 
mosquitofish, Gambusia holbrooki and the estuarine western hardyhead L. wallacei and Swan 
River goby, P. olorum (Chapter 2; Morgan et al. 2003). To illustrate the differences in the 
distribution of native fishes in the Blackwood River, Figure 6.1 compares the distribution of G. 
occidentalis, western pygmy perch Nannaoperca vittata and Balston’s pygmy perch Nannoperca 
balstoni in the Blackwood River.  
 
Increased salinities in the upper catchment of the Blackwood River are believed to be responsible 
for the contraction of most freshwater endemic fishes, such as N. vittata and N. balstoni, to the 
lower parts of the river, where forested tributaries and fresh groundwater supplies (from major 
aquifers, particularly the Yarragadee) maintain suitable water quality and habitat conditions 
(Morgan et al. 2003; Beatty et al. 2006). During winter, salinities increase throughout the main 
channel due to flushing of salt stored in the cleared upper catchment. During this time, fishes 
believed to be intolerant of saline conditions are virtually absent from the main channel of the 
Blackwood River and utilise forested tributaries in the lower catchment (Beatty et al. 2006). 
However, during summer many of these species are found in the main channel, presumably 
because most fresh tributaries cease flowing and salinities in the main channel decline (Beatty et 
al. 2006).  
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Figure 6.1 Galaxias occidentalis, Edelia vittata and Nannatherina balstoni as a percentage of 
total fish captures in (a) the upper catchment, (b) the main channel of the lower catchment and 
(c) tributaries of the lower catchment of the Blackwood River. Data taken from Figure 2.9, 
Chapter 2. 
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Future reduction in groundwater levels and discharge into the main channel of the Blackwood 
River is predicted due to allocated water extractions from the Yarragadee Aquifer (Del Borrello 
2008) and reduced recharge from lower rainfall expected from climate change in this region 
(Hughes 2003; Suppiah et al. 2007; CSIRO 2009). Decrease in the freshwater inputs into the 
main channel of the Blackwood River will increase the base-flow salinity levels of the river 
(Strategen 2006). Depending on the degree of increase, an elevation of the base-flow salinity 
may exceed the tolerances of freshwater fish species and thus threaten their existence in the 
Blackwood River catchment (Beatty et al. 2006). Determining the salinity tolerance of key fish 
species in this catchment is therefore required to predict long-term population sustainability in 
the region, allow proper environmental assessment of future groundwater extraction projects, and 
also allow salinity action plans to include in-stream targets for maintaining endemic fish 
populations. 
 
Although field data have been gathered on the distribution and presumed field tolerance to 
salinity of the freshwater fishes of south-western Australia (Chapters 2-5; Morgan et al. 2003; 
Beatty and Morgan 2010), surprisingly, precise determination of the salinity tolerances of these 
species has not previously been undertaken. While field distributions provide an indication of 
salinity tolerances, the inferences that can be drawn from them are constrained by the covariation 
of salinity with other environmental variables, which can only be separated through controlled 
experimental studies (Yuan 2007; Ziemann & Schulz 2011). In this chapter, I therefore aimed to 
determine the acute (rapid change) salinity tolerance of the two most common and widespread 
endemic freshwater fish species of south-western Australia; western minnow, Galaxias 
occidentalis, and western pygmy perch, Edelia vittata and also of the rare Balston’s pygmy perch 129 
 
Nannatherina balstoni. I hypothesised that the distributions of these three species in the 
Blackwood River would reflect their salinity tolerances measured in the laboratory.   
 
6.2 Materials and Methods 
 
6.2.1 Sampling of fishes 
Fishes for the salinity trials were obtained from a number of sites in the Blackwood River 
(Figure 6.2) using fyke nets set for a 24 hr period during November, 2007. These sites were: 
Hillman River (S33.356, E116.841: upper Blackwood catchment for G. occidentalis), Poison 
Gully (S34.10944, E115.551: lower Blackwood catchment for G. occidentalis), Milyeannup 
Brook (S34.093, S115.566: lower Blackwood catchment for N. balstoni), and Rosa Brook 
(S34.065, E115.4235: lower Blackwood catchment for N. vittata). 
 
Upon capture, fishes were placed immediately into a 200 L fibreglass tank that was constantly 
oxygenated using an external oxygen bottle and air stones. A total of 270 G. occidentalis (i.e. 
two trials each using 126 and 144 fish from the upper and lower catchment of the Blackwood 
River, respectively), 180 E. vittata (one trial) and 144 N. balstoni (one trial) were transported to 
the Fish Health Unit, Murdoch University, where they were acclimatised in a recirculated 
filtration system (2000 L fibreglass tank, ~0.1 ppt salinity, photoperiod regime 12 h light: 12 h 
dark, fed daily with commercial fish pellets to satiation) for a minimum of two weeks prior to 
commencing the salinity tolerance trials. 
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Figure 6.2 Sites sampled for sourcing the fish for the salinity trials and the maximum salinities 
recorded at all sites sampled in the Blackwood River. 
 
6.2.2 Laboratory procedures 
Acute (rapid change) salinity trials (modified from Bringolf et al. 2005) were conducted in 18 
aerated aquaria of 54 L with three replicates per salinity treatment. Salinity ranges selected for 
the treatments for each species were based on apparent field tolerances (see Chapter 2). 
Treatments for G. occidentalis consisted of ~0.1 (control), 5, 10, 15, 20 and 25 ppt. Treatments 
for N. balstoni consisted of ~0.1 (control), 5, 8, 11, 14 and 17 ppt. Treatments for E. vittata 
Hillman River 
Milyeannup Brook  
Poison Gully  
Rosa Brook  
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consisted of ~0.1 (control), 5, 8, 11, 14, 16 and 17 ppt. Solutions were prepared by adding 
synthetic sea salt to dechlorinated tap water and salinity levels determined using a salinity meter 
(Hanna instruments, Atlanta, GA, USA). The toxic effects of salinity vary with ionic 
composition (Mount et al. 1997); the ionic composition of salinised waterways in Western 
Australia varies geographically and seasonally, but is typically similar to seawater, except for 
deficient concentrations of potassium (Partridge et al. 2008). 
 
Prior to the trials, all fishes appeared healthy and actively accepted food. During the trials, 
between seven and 10 individual fish (varied between species) were randomly selected and 
released in each of the 18 experimental aquaria (three replicates per treatment). All fishes were 
constantly monitored for signs of stress over an initial 24 h period. Subsequently, one to six 
hourly examinations of the fishes took place until the termination of each trial. Although 96 h is 
the commonly used time for toxicology tests in fish, this is arbitrary (Walker et al. 1996) and I 
subjectively terminated trials based on the onset of clear signs of stress in the control treatments.  
 
Monitoring for signs of stress included rapid, unusual gill movements, darkening of colour, 
and/or loss of equilibrium (Gill and Potter 1993). The salinity tolerance of any individual was 
assumed to be exceeded if the fish underwent a loss of equilibrium for a period of greater than a 
few minutes and this individual was promptly removed from the treatment and placed back into 
the recirculated holding aquaria containing fresh (~0 g L
-1) water. The precise time of removal of 
any individual fish from the treatment tanks was recorded. Fish that were removed are referred to 
as having failed the salinity challenge. 
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6.2.3 Statistical analysis  
The effect of salinity on fishes was analysed separately for each trial. Arcsine-transformed 
percentage of failures per aquarium was compared among salinity treatments by analysis of 
variance and multiple comparisons made with a post hoc Tukey’s HSD test. Times to failure 
were compared among salinity treatments by the Kaplan-Meier method, with a 
2 approximation 
to the log-rank test, using the software JMP 4.0 (SAS Institute Inc., Cary, NC, USA). 
 
Logistic regression analysis was undertaken on the proportion of individuals that failed each 
salinity treatment to calculate the effect concentration (EC); EC50 and EC95 represent the salinity 
at which 50% or 95% failure (i.e. stress that we predict would lead to mortality) occurred at the 
termination of the trial period, respectively. For each variable, the logistic regression curve was 
fitted by bootstrapping 1000 random samples, and the EC50 and EC95 values were calculated 
according to the logistic model: 
PS = 1 / [1 + e 
-ln19 (S - EC50) / EC
95
 - EC
50
)] 
Where PS is the proportion of fish failing each salinity level, and EC50 and EC95 are the salinity 
levels at which 50% and 95% of the sample showed stress symptoms that were deemed to lead to 
death, respectively. The bootstrapping also produced upper and lower 95% confidence intervals 
(CI) of the parameters. 
 
As trials were conducted at different times and used different salinity treatments for the different 
species of fish, I was not able to formally test differences among species or populations in the 
relationships between salinity and proportion of failures or time to failure. Instead, non-133 
 
overlapping 95% CI’s for EC50 and EC95 in different trials were taken as evidence of significant 
differences in these parameters between species or populations of fishes (Kefford et al. 2004). 
 
6.3 Results 
 
6.3.1 Galaxias occidentalis 
There were significant differences in the percentage of failures among salinity treatments for 
both upper catchment (F5,12 = 307.5, P < 0.0001) and lower catchment (F5,12 =1,680.2, P < 
0.0001) populations of G. occidentalis (Figure 6.3). For both populations, failure rate did not 
differ significantly between treatments from 0 to 10 ppt, but was significantly greater at 15 ppt, 
and significantly greater again at 20 and 25 ppt (Figure 6.3). These differences were also 
reflected in the success curves, with significant differences in time to failure among treatments 
for both upper catchment (9
2 = 841.8, P < 0.0001) and lower catchment (9
2 = 841.8, P < 
0.0001) populations (Figure 6.4). All G. occidentalis subjected to the 0, 5 and 10 ppt treatments 
succeeded for the duration of the trial (i.e. 72 h). However, at 15 ppt, only 25% and 29% of the 
fish sourced from the upper and lower catchment, respectively, survived the duration of the 
trials. No fish succeeded in salinities of 20 and 25 ppt for beyond a few hours (Figure 6.4). 
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Figure 6.3 Percentage mortalities over the different salinity treatments of G. occidentalis 
sourced from: (a) the Hillman River in the upper Blackwood River catchment, and (b) 
Poison Gully in the lower Blackwood River catchment. Logistic curves (including 95% 
confidence limits) from the logistic regression analysis are provided.  135 
 
 
Figure 6.4 Percentage of Galaxias occidentalis affected in the different treatments throughout 
the trials using fish from (a) the Hillman River in the upper Blackwood catchment and (b) Poison 
Gully in the lower Blackwood catchment. Note 100% survival rate for fish in 0, 5 and 10 ppt for 
both populations.  
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6.3.2 Nannatherina balstoni and Edelia vittata 
There were also significant differences in the percentage of failures among salinity treatments for 
N. balstoni (F5,12 = 237.8, p < 0.0001) and E. vittata (F6,14 = 307.5, p < 0.0001). For N. balstoni, 
failure rate did not differ significantly between 0 and 5 ppt treatments, but was significantly 
greater at 8 ppt, and significantly greater again at 11, 14 and 17 ppt (Figure 6.5a). For E. vittata, 
failure rate did not differ significantly between treatments from 0 to 11 g L
-1, but was 
significantly greater at 14 g L
-1, and significantly greater again at 16 and 17 g L
-1 (Figure 6.5b). 
 
Time to failure also differed significantly among treatments for both N. balstoni (5
2 =309.6, p < 
0.0001) and E. vittata (6
2 =364.3, p < 0.0001). For N. balstoni, all fish succeeded in the 0 and 5 
ppt treatments for the duration of the trials, while only 62% of fish succeeded at 8 ppt, with most 
failures occurring after 110 h. Although no individuals succeeded for the duration of the trials at 
11, 14 or 17 ppt, the time to failure in each treatment was directly related to the prevailing 
salinity; at 17 ppt failure was almost immediate, while at 14 and 11 ppt failure of all fish did not 
occur until approximately 60 and 110 h, respectively (Figure 6.6a). For E. vittata, all fish 
succeeded for the duration of the trial in salinities up to 11 ppt, and the majority of fish in 14 ppt 
also succeeded. All fish in the 16 and 17 ppt treatments, however, failed within 32 h (Figure 
6.6b). 137 
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Figure 6.5 Percentage mortalities over the different salinity treatments of (a) Nannatherina 
balstoni and (b) Edelia vittata from the lower Blackwood River catchment. Logistic curves 
(including 95% confidence limits) from the logistic regression analysis are provided. 
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Figure 6.6 Percentage of Nannatherina balstoni (above) and Edelia vittata (below) surviving in 
the different salinity treatments throughout the trials. 
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6.3.3 Comparison of EC50 and EC95 among populations and species 
Estimated EC50 and EC95 values for both populations of G. occidentalis, and for N. balstoni and 
E. vittata, are shown in Table 6.1. Based on non-overlapping 95% CIs, there were no significant 
differences between the EC50 or EC95 of G. occidentalis populations from the upper catchment 
(EC50 = 14.6 ppt; EC95 = 15.6 ppt) and the lower catchment (EC50 = 14.7 ppt; EC95 = 15.7 ppt), 
or between these populations and E. vittata (EC50 = 14.6 ppt, EC95 = 15.6 ppt). However, both 
the EC50 (8.2 ppt) and EC95 (9.2 ppt) of N. balstoni were significantly lower than those of the 
other species examined. 
 
Table 6.1 Salinities (including 95% confidence intervals) at which 50% (EC50) and 95% (EC95) 
of fish were removed from the treatments due to continuous loss of equilibrium (see text for 
experimental methods). 
 
Fish species  Parameter  Mean 
(ppt) 
Lower 95% 
CI (ppt) 
Upper 95% 
CI (ppt) 
Galaxias occidentalis 
 (upper catchment) 
EC50 
EC95 
 
14.6 
15.7 
14.5 
15.6 
14.7 
15.8 
Galaxias occidentalis  
 (lower catchment) 
EC50 
EC95 
 
14.7 
15.8 
14.6 
15.7 
14.8 
15.9 
Nannatherina balstoni  EC50 
EC95 
 
8.2 
9.2 
8.1 
9.1 
8.3 
9.3 
Edelia vittata  EC50 
EC95 
14.6 
15.6 
14.5 
15.5 
14.7 
15.6 
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6.4 Discussion 
 
6.4.1 The effect of secondary salinisation on freshwater fishes 
There is a considerable amount of circumstantial evidence that the current pattern of freshwater 
fish distributions in the Blackwood River (Chapter 2) has been influenced by range reductions in 
most endemic freshwater fishes, resulting from secondary salinisation. First, water salinities are 
much greater in the extensively cleared upper catchment than in the lower catchment of the river, 
with the lowest salinities found in the smaller, forested, groundwater-fed tributaries of the lower 
catchment, where the diversity of freshwater endemic fishes was greatest. Second, Western 
Australian Museum records indicate that some species of endemic freshwater fishes, such as E. 
vittata, and freshwater crayfishes, were much more widespread throughout the Blackwood River 
catchment prior to the 1940s, when large scale clearing led to a sharp increase in salinity in the 
upper catchment (Morrissy 1978; Morgan et al. 2003). 
 
Despite this evidence, the hypothesis that salinisation has caused range reductions in endemic 
freshwater fishes in the Blackwood River, and other rivers throughout Western Australia, has 
remained untested because the salinity tolerance of these species had, until now, not been 
measured under controlled laboratory conditions. In this study, I found that the acute salinity 
tolerances of G. occidentalis from the upper and lower catchment of the secondarily salinised 
Blackwood River were similar to the tolerance of E. vittata (EC50 approximately 14.6 ppt), 
which exceeded the tolerance of the threatened N. balstoni (EC50 8.2 ppt). Although additional 
research is required, such as determining gradual salinity tolerances that may better reflect rates 
of change of salinity under some field conditions and investigating which ions are responsible for 141 
 
the adverse effects of salinity, the results support the hypothesis that the distributions of these 
three species in the Blackwood River reflect their salinity tolerances measured in the laboratory.  
 
6.4.2 Distributions in the upper catchment 
The maximum salinities in the upper catchment of the Blackwood River (>20 ppt; Figure 6.2), 
which occur during summer and autumn when these systems cease to flow, forming pools, 
exceed the acute tolerance of adult stages of all three fish species studied and it is proposed that 
this has primarily resulted in the total loss of E. vittata and N. balstoni from this area. Kefford et 
al. (2004) also found that acute salinity determined in the laboratory for south-eastern Australian 
freshwater fishes mostly reflected maximum salinities at which they were found in the field. 
However, as found for G. occidentalis in the present study, Kefford et al. (2004) found that 21% 
of adult fishes were found at sites having salinities that exceeded their laboratory-determined 
acute tolerances. 
 
Galaxias occidentalis undertakes considerable spawning migrations (Beatty et al. 2006) and 
field-based evidence of rock-ramp fishway usage suggests it has a superior swimming 
performance to other south-west endemic fishes (Beatty et al. 2007). The ability of G. 
occidentalis to continue to inhabit some parts of the upper catchment may be facilitated by the 
propensity to migrate and a superior swimming ability. This may allow individual fish to move 
to fresher, downstream refuges as salinities in upstream habitats increase in low and no-flow 
conditions (due to evaporative concentration of salts), then subsequently recolonise those 
upstream habitats during periods of high flow, utilising them as spawning habitats. The later 
spawning period of upper catchment populations (see Chapter 2) may result from a pre-spawning 142 
 
migration into more suitable habitat. The absence of any difference in salinity tolerance between 
G. occidentalis from the upper and lower catchments is consistent with regular mixing of these 
populations, which may occur because of active migration and a downstream drift of young. 
Regardless of the mechanism by which the mixing takes place, if it did not occur we might 
expect differences in salinity tolerance between upper and lower catchment populations, due to 
either physiological acclimatisation or adaptive differentiation as has been found in other species 
of fish (e.g. Victoria et al. 1992; Vetemaa & Saat 1996; Westin & Limburg 2002). The degree of 
mixing of populations could be further explored by comparing the genetic structure of G. 
occidentalis from upstream and downstream habitats within the Blackwood River. 
 
6.4.3 Distributions in the lower catchment 
The acute salinity tolerances of all three species of fish that were studied here exceeded the 
maximum salinities experienced in winter in the lower main channel of the Blackwood River. 
This is in the line with other studies, which have found that the majority of native fish in 
Australia have the ability to tolerate salinities exceeding 3 ppt (Hart et al. 1991; Thompson & 
Withers 1992; O’Brien & Ryan 1997; Morgan et al. 2003) and probably reflects the fact that the 
majority of native Australian fishes are derived from relatively recent marine ancestors (Nielsen 
et al. 2003a). Despite the salinity tolerances observed in this study, however, only G. 
occidentalis is commonly found in the lower main channel of the Blackwood River; E. vittata 
and especially N. balstoni are found in much greater numbers in freshwater tributaries than in the 
main channel. This may be partly explained by differences in seasonal habitat usage (see section 
6.4.4), but there are other possible explanations for this apparent anomaly related to the effects of 
salinity on the fishes. 143 
 
 
First, my study only examined the salinity tolerance of adult fish. Earlier life stages of E. vittata 
and N. balstoni may be more susceptible to increased salinity, and elevated salinity may not only 
cause mortality but also negatively affect biological performance of fishes (Albert et al. 2004; 
Kipriyanova et al. 2007). For example, larval stages of fishes have a greater surface area to 
volume ratio and have underdeveloped kidney, skin and gill functions, resulting in lower 
osmoregulatory ability (Hart et al. 1991) and Chessman & Williams (1974) recorded a much 
lower salinity tolerance for juvenile than for adult Galaxias maculates. Second, there may be 
other sub-lethal effects of increased salinities on these species, such as increased metabolic effort 
associated with osmoregulation and decreased sperm viability (Harris 1986). Third, elevated 
salinities may have indirect effects, such as the loss of invertebrate taxa (Bunn & Davies 1992), 
which may be critical prey for different developmental stages (Morgan et al. 2003). Finally, 
temperature is known to influence the salinity tolerances of fishes (e.g. Mateen et al. 2004; 
Jacobsen et al. 2007) and the current study did not examine the effect of temperature on salinity 
tolerances of these species. These possible sub-lethal and indirect effects require additional 
investigation and may have contributed to the greater range reductions than would be predicted 
based solely on the acute salinity tolerances of E. vittata and N. balstoni. 
 
6.4.4 Seasonal habitat utilisation in the lower catchment 
Fresh groundwater intrusion in the lower Blackwood River plays an important role in 
maintaining fresh refuge habitats both in the main channel and tributaries (Beatty et al. 2006, 
2010). For example, groundwater intrusion during baseflow has been demonstrated to maintain 
access to riffle zones during baseflow for Tandanus bostocki, the largest native freshwater fish in 144 
 
the south-west (Beatty et al. 2010). Furthermore, the section of the main channel that receives 
the greatest amount of discharge from the Yarragadee Aquifer is ~40% fresher than the section 
immediately upstream of that major discharge zone (Beatty et al. 2010). The migratory trends 
described by Beatty et al. (2006) along with the results of the sampling in the current study 
demonstrate a strong seasonal utilisation of fresh tributaries of the lower Blackwood River by G. 
occidentalis,  E. vittata, and  N. balstoni. These species breed in these tributaries during the 
winter/spring period, when salinities are highest in the main channel, with the groundwater-
maintained lower section essentially acting as a refuge once these endemic fishes retreat from the 
tributaries during declining water levels in late spring and summer (Beatty et al. 2006). The 
ability of G. occidentalis and E. vittata to survive up to ~14 ppt suggests that they would be able 
to tolerate sudden increases that would occur moving from a fresh tributary to a salinised river. 
However, for the rare and endangered N. balstoni, which has a much lower acute salinity 
tolerance, such an increase may be lethal, and helps to explain its highly restricted distribution in 
the Blackwood River and its total absence in degraded (salinised) habitats throughout its range 
(Morgan et al. 1998) resulting in increased risk of future population loss in this region. 
 
6.5 Conclusions 
 
This study has determined acute salinity tolerances of post-larval stages of three native species of 
freshwater fish and has revealed that much of the upper catchment of the Blackwood River 
currently exceeds their tolerance. This is particularly the case for N. balstoni which has the 
lowest salinity tolerance and is largely restricted to fresh, forested tributaries of the lower 
catchment. The distribution of E. vittata is more restricted than would be expected from their 145 
 
acute salinity tolerance levels, and suggests that the lethal effects of salinity on early life-stage or 
sub–lethal effects on adult stages may have contributed to range reduction. G. occidentalis has a 
wider distribution throughout the river than would be expected from its acute salinity tolerance 
levels, and this may be a consequence of an enhanced swimming ability and therefore greater 
migratory potential than the other two species.    
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CHAPTER 7 
 
General conclusions 
 
 
 
7.1 Secondary salinisation in the south-west of Western Australia 
 
More than 70% of secondary salinisation in Australia occurs in the south-west of Western 
Australia (NLWRA 2001; Halse et al. 2003). As a result, most of the freshwater ecosystems in 
the south-west are already affected by increasing salinity (Halse et al. 2003). It is predicted that 
the level of salinity in aquatic systems throughout Australia will continue to increase, even if the 147 
 
current best land–management practices are fully implemented (Nielsen et al. 2003a; Mayer et 
al. 2005). Although the impact of increasing salinity on freshwater biota has been extensively 
reviewed in recent years, we still do not fully understand the ecological consequences of 
salinisation in the region (Bunn & Davies 1990, 1992; Hart et al. 1991; Beresford et al. 2001; 
Kay et al. 2001; Halse et al. 2003; Lymbery et al. 2003; Morgan et al. 2003; Williams 2003; 
Pinder et al. 2004; Mayer et al. 2005; Carver et al. 2009). To further understand the nature of 
this hazard to the south-west of Western Australia there is a need to conduct additional research 
into the impacts of salinisation on the freshwater biota in the region.        
 
7.2 Blackwood River as a case study 
 
The Blackwood River has many characteristics that make it an ideal system to investigate the 
impacts of secondary salinisation on freshwater biota. First, the river is located in the heart of the 
wheatbelt of the south-west of Western Australia (NLWRA 2001; Halse et al. 2003). It is the 
second largest river in the Southwest Coast Drainage Division and it has the highest discharge of 
any river in the region (Mayer et al. 2005). The catchment of the Blackwood River system, 
covering an area of over 21,930 km², is considered particularly important for its ecological 
values. McKenzie et al. (2003) recorded the presence of 986 species of wetland-associated 
plants, 957 species of waterbirds and 21 species of frogs from the Blackwood River catchment. 
In addition, the river itself is one of only two in the region which contain all eight native 
freshwater fish species that are endemic to the south-west of Western Australia (Morgan et al. 
2003; Beatty et al. 2008).  
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More than 85% of the Blackwood River catchment has been cleared for agriculture, most notably 
in the upper reaches, leading to a major problem with dryland salinity (Morgan et al. 2003; 
Mayer et al. 2005). Increasing dryland salinity in the catchment has led to the salinisation of the 
Blackwood River, with salinity levels varying from as high as 30 ppt in the tributaries of the 
upper catchment to approximately 1.5 – 4 ppt in the lower reaches of the main channel and less 
than 0.5 ppt in forested tributaries which feed into the lower main channel (Morgan et al. 2003; 
Mayer et al. 2005; also see Chapter 2). Although there have been some studies on the effects of 
secondary salinisation on the terrestrial flora and fauna of the Blackwood River catchment, 
showing, for example, that between 300 and 800 species of native plants face extinction and over 
200 species of native fauna have significantly declined in numbers (Hodgson et al. 2004), there 
is only limited information available about the effects of salinisation on the aquatic biota of the 
Blackwood River.  
 
7.3 Impacts of secondary salinisation on freshwater fish species  
 
In the current study, an association was found between increased salinity and the distribution of 
the fish fauna throughout the Blackwood River. Although it is not possible, from these field 
observations, to attribute differences in distribution to salinity, per se, because differences in 
other environmental variables were correlated with salinity, the data provide circumstantial 
evidence of a causative relationship. Overall, the highest diversity of fish species (nine species) 
was recorded in the main channel of the lower catchment (salinity range 2-5 ppt), while in the 
freshwater tributaries (with salinity less than 0.5 ppt) eight fish species were found and the 149 
 
lowest fish diversity (four species) was recorded in the salt-affected head waters of the upper 
catchment (salinity range 7-31 ppt). 
 
With respect to the four salt-tolerant fish species, which were the subject of this study, there were 
also differences in their distribution throughout the river. Increasing salinity may have enabled 
the estuarine species (P. olorum and L. wallacei) to extend their inland distributions throughout 
the main channel and upper headwaters, while both species were absent in freshwater tributaries. 
The introduced species, G. holbrooki, is extremely tolerant of rising salinity (up to 58.2 ppt; 
Morgan et al. 2004) and dominated catches in the upper catchment for at least six months of the 
year, but was rarely found in freshwater tributaries. Finally, the native G. occidentalis was the 
only fish species which showed significant presence in all parts of the river. Overall, members of 
Galaxiidae are considered salt-tolerant. According to McDowall (1988), diadromous galaxiids 
represent the primitive or ancestral stock, with freshwater-limited populations a more recently 
derived phenomenon. Waters et al. (2000) proposed that the loss of the primitive marine juvenile 
phase may be an important mechanism of galaxiid speciation. According to Morgan et al. 
(2006), most of the rivers of the south-west of Western Australia are now only intermittently 
open in response to changes to local coastal geomorphology over recent geological time; this has 
forced native galaxiids to adapt to a landlocked environment. 
 
The impacts of increasing salinity on freshwater biota have been the subject of a number of 
research projects around Australia (Bunn & Davies 1990; Halse & McRae 2001; Halse et al. 
2003; Hart et al. 2003; James et al. 2003; Morgan et al. 2003; Nielsen et al. 2003a, b; Blinn et al. 
2004). Fish assemblages can be particularly altered by the salinisation of rivers, with 150 
 
fragmentation or complete loss of freshwater fish populations being recorded in Australia and 
overseas (Kefford et al. 2004; Higgins & Wilde 2005; Wedderburn et al. 2008; Hoagstrom 
2009). Salinisation can disrupt freshwater fish distributions both directly, due to differences in 
salinity tolerance among fish species, and indirectly, for example through diet alteration (Morgan 
et al. 2003). Fish, as top level predators, are important components of freshwater ecosystems 
(Harris 1995), and therefore disruption to their natural distribution can impact the rest of the 
system through trophic cascades (Brett & Goldman 1996). 
 
7.3.1 Lethal effects of increasing salinity  
Differences in the distribution of freshwater fish species throughout the Blackwood River may 
be attributed, at least in part, to differences in the lethal effects of increasing salinity. In this 
study, I used controlled laboratory experiments to determine the acute salinity tolerance of the 
widely distributed native species G. occidentalis, compared to two native species with more 
restricted distributions in the Blackwood River; E. vittata and N. balstoni, which are absent from 
the upper catchment, and found much more commonly in freshwater tributaries than in the main 
channel of the lower catchment (Beatty et al. 2006). 
 
The results showed that the salinity tolerances of E. vittata and G. occidentalis were relatively 
similar (EC50 = 14.7 ppt and EC95 = 15.6 ppt), while N. balstoni had the lowest salinity tolerance 
with EC50 = 8.2 ppt and EC95 = 9.3 ppt. Two questions arise from these findings: (1) why is G. 
occidentalis found throughout the upper catchment, when maximum salinities during summer 
and autumn exceed the acute salinity tolerance of the species? (2) Why are E. vittata and N. 
balstoni found so rarely in the main channel of the lower catchment, when the acute salinity 151 
 
tolerances of these species exceed the maximum salinities found in this region? With respect to 
the first question, the answer may lie in the superior swimming performance, and therefore 
migratory ability of G. occidentalis compared with other south-west native fishes; studies in the 
USA have found that differences in mobility among stream fishes explain most of the variation 
in colonisation and population recovery following local extinction (Albanese et al. 2009). With 
respect to the second question, it is possible that the egg, larval or juvenile stages of E. vittata 
and  N. balstoni are more sensitive to salinity than the adult stages which were used in 
experimental determination of tolerance, as has been found for other species of fish (Chessman 
& Williams 1974; Hart et al. 1991; Chotipuntu 2003; Nielsen et al. 2003a) and this prevents 
these species from establishing their life-cycle in the lower catchment. Determining the salinity 
tolerance of the early life history stages of these three fish species is an important priority for 
future research. In addition, there may be sub-lethal effects of salinity, such as increased 
metabolic effort or decreased sperm viability (Harris 1986; also see section 7.3.2), or indirect 
effects, such as loss of invertebrate prey items (Bunn & Davies 1992) which affect E. vittata and 
N. balstoni to a greater extent than G. occidentalis. There is also a need to investigate the 
sensitivity of all three species to other environmental variables such as temperature and pH 
(which were correlated with differences in salinity in the Blackwood River), to determine the 
effects of any interactions among these environmental variables on the different fish species, and 
to study in more detail the physiological mechanisms underlying the toxic effects of salinity on 
the different species. 
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7.3.2 Sub-lethal effects of increasing salinity  
Unfavourably high salinity may not only increase mortality rates in freshwater fish populations 
but can also have negative impacts on their biological performance (Albert et al. 2004; 
Rogowski and Stockwell 2006; Kipriyanova et al. 2007). In this study, I investigated the sub-
lethal impacts of salinity on biological parameters such as fish growth, sex ratio, spawning time, 
fluctuating asymmetry, diet and parasite loads, by comparing these parameters between 
populations in upper and lower catchment sites of the Blackwood River. While some 
associations were found, it was not possible in this study to investigate them experimentally in 
the laboratory, and therefore to separate the effects of salinity from those of other, correlated 
environmental variables. 
 
There was little evidence of differences in growth rate between populations of any species from 
the upper and lower catchments. The only significant difference found was for L. wallacei, 
where fish from the lower catchment were heavier than fish from the upper catchment. Nor were 
there any relationships between population sex ratio and location in the catchment for any fish 
species. All the sites, regardless of salinity level, were dominated by female fish. This was most 
pronounced in the case of G. occidentalis in the salt affected parts of the river, where the sex 
ratio was 2.4:1 in favour of female fish. 
 
There was some evidence that salinity influences the time of spawning of fishes. In the case of 
G. occidentalis, the results indicated that the fish population in the fresh, lower catchment of the 
Blackwood River commenced spawning by late winter, while their counterparts in the salt 
affected, upper catchment of the river began spawning in mid-spring. By contrast, in the case of 153 
 
L. wallacei, the population in the salt affected, upper catchment spawned in mid-spring, while 
fish in the main channel spawned later, in early summer. For P. olorum, the data (although 
sparse) suggested biannual spawning in the upper catchment, while fish in the main channel of 
the lower catchment had only one spawning period. For G. holbrooki, no comparison could be 
made between catchments because of the paucity of samples from the lower catchment 
throughout most of the year. The reasons for the differences in the life-cycle of G. occidentalis, 
L. wallacei, and P. olorum in the upper and lower catchment of the Blackwood River are not 
known. For P. olorum, reduced temperature in the lower catchment, rather than reduced salinity, 
may prevent biannual spawning in this part of the river.  
 
Numbers of bilateral traits of the four fish species were examined to investigate the possible 
effect of salinity on fluctuating asymmetry. While deviation from perfect symmetry was 
recorded among individual fish, there was little evidence for differences in fluctuating 
asymmetry between populations in upper and lower catchment sites. This suggests that higher 
salinities do not cause developmental instability in these species of fish. However, interpretation 
of these results is tempered by a lack of knowledge of the developmental history of the fish 
populations. A range of biotic and abiotic stresses such as poor water quality, food restriction, 
pollutants, parasitism and salinity have been confirmed by previous studies as causative factors 
of fluctuating asymmetry in fish populations (Somarakis et al. 1997; Sasal & Pampoulie 2000; 
Reimchen & Nosil 2001; Bergstrom & Reimchent 2005; Panfili et al. 2005; Almeida et al. 
2008). It may be that future studies on Blackwood River fishes, examining fish that are known to 
be exposed to very high salinities early in development, would find fluctuating asymmetry, 
although my results suggest that this may not be a profitable line of enquiry. If future studies 154 
 
were planned, otoliths would be the best choice to reflect possible occurrence of asymmetry, 
because they were much more variable than fin ray numbers.  
 
Fish diet is another aspect of fish biology which I would expect to be affected by increasing 
salinity as it may affect the distribution and abundance of invertebrate fauna (Bunn & Davies 
1992), which are the main food source for freshwater fishes. Dietary analysis of all the four fish 
species found throughout the upper and lower catchment of the Blackwood River demonstrated 
opportunistic feeding behaviour. All species fed principally on invertebrates, although the 
composition of the diet fluctuated with season. To compare the diet of all fish species in the dry 
season (the only time when all species were collected in sufficient numbers from both upper and 
lower catchment sites), I combined the data collected for each species (Chapters 2-5) and used an 
ANOSIM analysis, as described in Chapter 2. Diets were significantly different among species in 
both the upper and lower catchments (R = 0.13, p = 0.001 for both comparisons) (Figure 7.1). 
When separate tests were conducted for each pair of species in each catchment, all pairs were 
significantly different in diet (with a Bonferroni correction), although dietary overlap was greater 
in the upper catchment than in the lower catchment (Tables 7.1, 7.2; Figure 7.1). 
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Table 7.1 Matrix of differences (R values from ANOSIM analysis) between diets of four fish 
species in the Blackwood River upper catchment during the dry season. All R values < 0.05, with 
a Bonferroni correction. 
 
                            G. occidentalis             L. wallacei      P. olorum 
L.  wallacei             0.11                             -                            - 
P. olorum               0.33                             0.09                       - 
G. holbrooki           0.14                             0.03                      0.23 
 
 
Table 7.2 Matrix of differences (R values from ANOSIM analysis) between diets of four fish 
species in the Blackwood River lower catchment during the dry season. All R values < 0.05, with 
a Bonferroni correction. 
 
                            G. occidentalis             L. wallacei      P. olorum 
L. wallacei              0.59                                 -                          - 
P. olorum               0.82                                0.46                      - 
G. holbrooki           0.70                                0.26                     0.65 
 
Overall, crustaceans such as Amphipoda, Copepoda, Cladocera and Ostracoda made up a greater 
proportion of the diet of all four fish species in the salt affected upper catchment than in the fresh 
lower catchment of the Blackwood River. This probably reflects a difference in availability, i.e. 
in invertebrate community composition, rather than a difference in prey preference of fishes in 
different parts of the river. Hart et al. (1991) described crustaceans as the most salt tolerant of the 
Australian aquatic macroinvertebrates and Bunn & Davies (1992) recorded a shift from insect 
dominated to crustacean dominated aquatic fauna in the river systems of south-western Australia 
as salinity increased. Native fish eggs or larvae were not found commonly in the diet of G. 156 
 
holbrooki, however, the potential for competition between this species and native fishes was 
confirmed during the course of the study by the finding that most of the dietary items consumed 
by native fishes were also consumed by G. holbrooki. Further studies, comparing diets of native 
fish species in the presence and absence of G. holbrooki, would be useful to provide more 
definitive evidence of competition. 
 
Figure 7.1 MDS plots of similarities in diet between four fish species in the (a) upper catchment 
and (b) lower catchment of the Blackwood River during the dry season. Plots are shown in three 
dimensions to increase the separation among data points; stress values for three dimensional 
plots = 0.01. 
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All four fish species were investigated for the presence of macroparasite infections. Over all, five 
different species of parasites were found, most of them with low host specificity (Table 7.3). The 
highest prevalence of parasite infections were recorded in the native species G. occidentalis 
(5.9%), P. olorum (5.7%) and L. wallacei (2.8%), with the lowest prevalence in the introduced 
G. holbrooki (0.2%), despite G. holbrooki making up approximately 77% of the fish population 
in the river. Dove (2000) also recorded a lower richness of parasite fauna among introduced 
fishes in comparison with the native fish fauna in Queensland. Many factors, such as the absence 
of required hosts in the new environment and absence of parasites in small founding populations 
of introduced fishes, have been attributed to the reduction of parasite loads of introduced fishes 
compared to native fishes (Kennedy 1994; Prenter et al. 2004).   
 
Table 7.3 The parasite fauna of the four salt tolerant fish species in the Blackwood River (+ 
infected, - not infected). 
 
Parasite species  Fish species 
  G. occidentalis  L. wallacei  P. olorum  G. holbrooki 
Eustrongylides sp.   
 
+ +  -  + 
Contracaecum sp. 
 
+  +  +  + 
Diplostomum sp. 
 
+  -  +  - 
Ligula intestinalis 
 
-  -  +  - 
Unknown nematode species  +  +  -  - 
 
 
Although the abundance of most parasite species was not affected by the position of their hosts 
in the catchment, there was an apparent correlation between the distribution of Diplostomum sp. 
and the salinity level in the river (Table 7.4). This trematode was mainly restricted to freshwater 
tributaries, occurred rarely in the main channel of the lower catchment where the salinity was 158 
 
relatively low and was never found in the salinised upper catchment. This parasite has a complex 
life-cycle involving piscivorous birds as the final host and both invertebrates such as copepods 
and fish as the first and second intermediate hosts (Chapman et al. 2006b). Salinity may affect 
either free-living stages of the parasite or any of the host species in this complex chain of 
transmission. 
 
Table 7.4 Distribution of the parasite species found in areas of different salinity throughout the 
Blackwood River (+ infection occurrence; - no occurrence).  
 
Parasite species  Blackwood River region 
  Upper catchment  Main channel 
lower catchment 
Fresh water 
tributaries 
Eustrongylides sp.     
+ 
 
+ 
 
+ 
Contracaecum sp.  +  +  + 
Diplostomum sp.  -  +  + 
Ligula intestinalis  -  +  - 
Unknown nematode species 
 
+ +  - 
 
7.4 Potential bioindicators of salinisation 
 
Freshwater fishes may have the potential to be used for assessing the impacts of secondary 
salinisation on aquatic systems of the south-west region of Western Australia. This was clearly 
reflected by the distribution of fishes throughout the river. The highest biodiversity of fish fauna 
(nine species) was recorded in the main channel of the lower catchment, where the salinity 
fluctuated between 2-5 ppt, while in the upper catchment where salinity varied between 7-31 ppt, 
only four species were found. For those fishes that were able to utilise both upper and lower 
catchments, there were significant differences in biological performances in different parts of the 
river. This was most obvious with respect to spawning times, which differed between upper and 159 
 
lower catchment populations of three of the four widely distributed species and also diet, which 
differed between catchments for all species. Salinity also appeared to affect fish parasite loads 
and this was most obvious in the case of infection with the larval stage of the trematode 
Diplostomum sp.  
 
7.5 Implications for conservation 
 
Broader conservation implications for the endemic freshwater fishes of south-western are evident 
from the results of the current study. Long-term predictions of river salt levels in the 30 major 
rivers of this region depend on catchment characteristics such as rainfall, proportion of cleared 
land, groundwater salinity, topography and geology. For example, salt balances (output/input) 
for catchments that have been cleared have generally moved from an equilibrium (or 
accumulation) to a net export, particularly in catchments with <1000 mm annual rainfall (Mayer 
et al. 2005). This net export is predicted to result in these catchments eventually having stream 
salinities that fall to levels of equal salt input and output. However, the time for this to occur will 
depend on levels of rainfall, ranging from centuries to thousands of years for high and low 
rainfall (<500 mm) catchments, respectively (Mayer et al. 2005). 
 
Compounding the increasing salinity in the rivers of the south-west is the potential impact to 
aquatic ecosystems resulting from continued climate change in the region (Davies 2010). 
Rainfall in south-western Australia has declined by ~15% since 1975, resulting in a reduction of 
inflows into water dams of ~50%, and the region is warming at a greater rate than the rest of the 
continent (IOCI 2002; Hughes 2003; Whetton et al. 2005; CSIRO 2009). These trends are 160 
 
projected to continue, with the mean (assuming a median 1°C temperature rise, based on 15 
climatic models) 2030 rainfall levels predicted to decline by a further 8% and mean annual 
runoff by 25% from current levels (CSIRO, 2009). Given the relationships between rainfall, 
clearing and river salinity (Mayer et al. 2005), reduced rainfall in the region, particularly in the 
cleared northern and eastern areas of major catchments, may further increase long-term river salt 
levels and further reduce the inland distributions of endemic freshwater fishes. 
 
Climate change is also predicted to intensify the impacts of invasive aquatic species by 
enhancing their competitive and predatory effects and altering the virulence of disease (Rahel & 
Olden 2008). There are currently 13 known species of introduced freshwater fishes in the south-
west region with many known to negatively impact endemic species (Morgan et al. 2004). 
Increase in water temperatures, further salinisation of rivers, and reduced flows and groundwater 
levels from climate change and water extractions in this region may therefore increase the impact 
of many of these introduced fishes or provide more suitable conditions for the colonisation of 
new species. 
 
Additional research is urgently required to accurately predict future range reductions of the 
highly endemic freshwater fishes of south-western Australia. For example, acute and chronic 
salinity tolerances (Kefford et al. 2004) of all eight endemic fishes need to be understood 
throughout their current range, as does the influence of temperature and variation in tolerance 
levels between different life-history stages of those species. Subsequent modelling of projected 
future salinity levels of the major rivers of the region with current distributions and salinity 161 
 
tolerances of resident fishes should be undertaken to predict long-term population viabilities and 
prioritise areas for conservation. 
 
At least in some systems, further contraction or loss of freshwater fish populations may be 
inevitable and, to prevent the loss of genetic diversity, options such as within-catchment 
translocation of populations into appropriate artificial refuge habitats (such as water supply 
dams) and captive breeding programs should be explored. However, the most effective approach 
to ensure the long-term sustainability of these unique freshwater fishes in the wild is to 
implement water quality and habitat restoration programs (such as re-vegetation and riparian 
zone protection) that actually target those systems of high conservation value. These programs 
will require a more coordinated approach between research institutions, catchment groups, and 
relevant state government departments. 
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